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ABSTRACT 
 
Glacial limitation of tropical mountain height 
 
Maxwell Cunningham 
One of the profound realizations in Earth science during the last several decades has been that 
the solid earth and climate system interact through mountain belt evolution. Tectonic forces 
generate topography, and erosion, driven largely by the climate, destroys topography. 
Perturbations to the competition between these processes may, for example, have driven the 
transition from greenhouse to icehouse climate during the Cenozoic. Erosion is the ultimate 
connection between the climate and solid earth system, and because landscapes are shaped by 
erosion, they hold in their form information about climatic and tectonic forcings. Reading climatic 
and tectonic processes from the landscape requires an understanding of how these processes drive 
erosion. One way that climate influences erosion is by setting the elevation at which glaciation 
occurs. It has been thought for over a century that erosion by glaciers can limit the height of cold, 
heavily glaciated mountains. In this thesis, I argue that the prevalence of the phenomenon is 
underappreciated, and that glacial erosion has imposed an upper limit on the growth of warm, 
tropical mountains. The argument is premised on a combination of field observations from two 
(sub)tropical mountain ranges in Costa Rica and Taiwan (including 10Be and 3He surface exposure 
ages), a new method of topographic analysis that identifies previously unrecognized patterns of 
landscape rearrangement introduced by high elevation glaciation, and a study of ten tropical 
mountain ranges that reveals a widespread glacial control on mountain height. The results of this 
thesis demonstrate the efficacy of glacial erosion even in the warmest mountains, and challenge 
the hypothesis that quickly uplifting and eroding landscapes have approached a steady state 
balance between rock uplift and fluvial erosion during the Pleistocene.
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1.1 Abstract 
Mountains evolve through relief generation brought about by tectonically driven crustal motion 
and the consequent erosion driven by surface flow over that relief. Rates of erosion are modulated 
by the climate largely through its control on patterns of precipitation and temperature. Landscapes 
thus potentially record both tectonic and climatic forcings in their form. Extracting the unique 
erosional signature of either tectonic or climatic forcing remains a challenge. One of the clearest 
ways in which climate has influenced landscape evolution on a widespread basis is through cooling 
sufficient to induce glaciation. Glaciers are powerful agents of erosion, and it has been thought for 
over a century that glacial erosion has limited the height to which uplifting mountains rise. The 
case was substantially strengthened by topographic studies enabled by the advent of digital 
elevation models, which have shown that the topographic structure of many mountain ranges is 
limited to the glacier equilibrium line altitude (ELA) of the Late Pleistocene. Whether glacial 
limitation of mountain height has actually occurred in mountain ranges around the world, and the 
extent to which the topographic signature of glacial limitation can be extracted from landscapes, 
remains uncertain. Here I discuss the historical development of the hypothesis that glacial erosion 
has limited mountain height, and synthesize the present state of debate on this topic. I then discuss 
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1.2 Introduction 
Mountain belts integrate solid Earth and climatic processes. They are generally narrow bands 
of thickened crust that result from tectonically driven deformation. Denudational processes—
modulated by climate—redistribute mass loads across the surface, and it is the rate and pattern of 
these processes that shape topography. Mountain belts thus emerge from the interaction between 
tectonically driven rock uplift and climatically modulated erosion. It is therefore possible that the 
history of climatic or tectonic change can be read from mountainous landscapes, so long as these 
regimes can be linked to unique topographic signatures. However, it is precisely because climatic 
and tectonic process interact that disentangling their intertwined influence on landscape evolution 
remains a persistent challenge (Willett et al., 2006). 
 Erosion by glaciers is one of the clearest ways that climate imprints itself on mountainous 
landscapes. First, glacier ice provides a distinct marker of the atmospheric temperature profile: the 
average annual 0°C isotherm must intersect the landscape in order for glaciers to grow. Second, 
glaciers shape landscapes in a fundamentally different way than river networks do, and often leave 
behind unambiguous signs of their presence. During the Pleistocene, glaciations have been a 
prevalent phenomenon in mountain ranges at all latitudes, and in many cases their imprint on the 
landscape is undeniable. Erosional features such as U-shaped valleys, overdeepenings, horns and 
arêtes, and polished/striated bedrock have long been described and put forth as evidence of the 
power of glacial erosion (see reviews by Embleton, 1972; Sugden and John, 1976; Benn and Evans, 
1998). Further proof of the power of glacial erosion has been provided by sediment yields from 
glaciated basins (Hallet et al., 1996), which indicate that glacial erosion rates can reach as high as 
10-100 mmyr-1, at least an order of magnitude higher than the highest rates of erosion in fluvially-
dominated landscapes (Dadson et al., 2003; Koppes and Montgomery, 2009). In this sense, the 
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imprint of climate on landscape evolution can be read from the glacial-geomorphic record. An 
extremity of this view is that glacial erosion is so powerful that it has limited mountain height on 
a widespread basis (Brozović et al., 1997; Egholm et al., 2009). If the claim—referred to here as 
the glacial limitation hypothesis—is accurate, then climate has exerted a first-order control on the 
topographic structure of Pleistocene mountain ranges. 
In this thesis, I evaluate the idea of glacial limitation on two fronts. First, I examine the imprint 
of glacial erosion in the tropics, where the relatively warm climate has restricted glaciers to high 
elevations (e.g., Hastenrath, 2009). As a consequence, glaciated landscapes in the tropics are often 
perched above ridge-and-valley topography that is dominantly shaped by non-glacial processes. I 
pose the hypothesis that the topography of these warm mountain ranges will be particularly 
sensitive to perturbations by glacial erosion precisely because the fluvial imprint on them is so 
strong. In addition, the tropical climate is one of the least favorable for sustained and erosive 
glaciations, and the height of tropical mountains should thus be most prone to fluvial, and not 
glacial, limitation. Evidence of glacial limitation in tropical mountains—or the absence thereof—
can thus provide constraints on the potential for glacial limitation in a broad sense. The second 
front concerns a new way of reading the erosional signature of glaciation in the landscape. I 
examine in detail the topographic metric most widely used to assess the signature of glacial 
limitation—hypsometry—and develop new ways to extract information from such analyses about 
glacial erosion processes and landscape evolution. 
1.3 Structure of this chapter 
In this chapter I describe the evolution of thought on glacial limitation and how it has been 
both qualitatively and quantitatively assessed. I begin by describing the various arguments that 
have been employed in favor of the view that glacial erosion can limit mountain height, and reduce 
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from this long line of study a clear definition of what is precisely meant by “glacial limitation.” I 
then highlight the mechanisms by which various authors have proposed glacial limitation takes 
place, and how these mechanisms are thought to be recorded in the landscape. I focus on the 
measurement of hypsometry, the use of which has strongly supported the argument that glacial 
limitation is common. I conclude the chapter by addressing contemporary skepticism and debate 
over whether glacial erosion actually can limit mountain height, and how the study of tropical 
glaciations can push the debate forward.    
1.4 The glacial limitation hypothesis 
1.4.1 Conceptual evolution of the glacial limitation hypothesis 
The concept of glacial limitation is one of the strongest hypotheses to be drawn from the 
glacial-geomorphic record. It arises from the fact that erosion by glaciers is focused at a particular 
elevation in the landscape, the glacier equilibrium line altitude (ELA; sometimes referred to here 
as the snowline), and that the large-scale topographic structure of mountain ranges changes above 
this elevation. Specifically, glaciers are a mass balance of ice, which can be broadly split into zones 
of long-term accumulation and ablation. The mass balance point of the glacier is the ELA. The 
precise position of the ELA is set by a combination of the local energy budget, which is influenced 
by atmospheric temperature, humidity, aspect, and precipitation, although glaciers on which 
ablation takes place primarily through melt are most sensitive to temperature (Rupper and Roe, 
2008). The ELA marks a zone above which erosion (if it acts at all) is ice-driven, and below which 
glacial erosion rates asymptote to zero (although glacial erosion rates may reach a maximum just 
below the ELA). 
The ELA is thus a measure of the position of glacial influence in the landscape, and is therefore 
of central importance to the assessment of glacial limitation. A complication to the concept of 
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glacial limitation is that the ELA has oscillated by ~800-1000 m during the Late Pleistocene, paced 
by glacial interglacial cycles. In this thesis, I adopt the terminology of warm-phase (wp) ELA and 
cold-phase (cp) ELA to refer to these two categories of ELA. The cpELA, as used in this thesis, 
corresponds to times that include at least global glacial maxima (e.g., the Last Glacial Maximum, 
and positive marine isotope stages). It remains somewhat unclear which ELA is the most 
appropriate for considering glacial limitation, and many authors have invoked the Quaternary 
mean ELA (Porter, 1989)—often represented as the mid-point of the cpELA and wpELA (e.g., 
Mitchell and Humphries, 2015). This particular detail is critical, but the early work on the concept 
of glacial limitation often refers to the ELA more broadly as a means by which to reference a point 
on the landscape that has been subject to glacial erosion.  
The idea that erosion by glaciers could limit mountain height is more than a century old. That 
said, what precisely is meant by “limitation” has remained difficult to define. Authors as early as 
John Tyndall (1864) posed that erosion by glaciers could explain the "conformation" of summit 
elevation throughout the Alps. Proposed mechanisms by which ice-driven erosion could generate 
concordant mountain heights varied in these early works. For example, Dawson (1895) attributed 
the relatively constant elevation of summits in the Kamloops to frost-cracking. Penck (1905) put 
forward a much more wide-ranging argument for the efficacy of glacial erosion, and linked 
mountain height to subglacial erosion in particular. He made the case that glaciers are more 
forceful erosive agents than rivers—and are thus capable of limiting mountains to lower elevations 
than are possible in the fluvially limited case. During this time, the idea that glaciers eroded their 
beds at all was controversial, but Penck demonstrated, using the “law of cross-sections,” that 
glaciers in the Western Alps had widened pre-existing fluvial valleys in order to accommodate ice 
flux. In this remarkable paper, Penck specifically refers to the high peaks of the Alps as “far from 
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being original,” meaning that the rock presently at the surface had been exposed by recent glacial 
erosion. He further refers to the surfaces of glaciers as acting as a “base-level of destruction.” I 
will later argue that this is ultimately the proper way to conceptualize glacial limitation of mountain 
height—that the ELA acts an erosional base-level, usually inserted into the landscape at an 
elevation well above fluvial base-level.  
Despite early progress, it was not until the late-20th century that the idea of widespread glacial 
limitation of mountain height began to take form. Porter (1977) led the effort by compiling the 
vertical span of Late Pleistocene ELA along the American Cordillera, and comparing a smooth 
trend in the position of the ELA and peak mountain height along this global-scale transect (Fig. 
1.1a). The idea was popularized in Broecker and Denton (1989). The key result was broad 
agreement in the shape of the latitudinal trend in ELA and mountain height, particularly between 
30°-55° in both hemispheres. At higher latitudes, mountains stand high above the snowline, such 
as in southernmost Patagonia and Antarctica—where it is assumed that cold-based glaciers have 
protected landscapes from erosion (Thomson et al., 2010; Creyts et al., 2014). An important issue 
raised by Porter (1977) is that the ELA has varied by 800-1000 m in elevation between glacial 
(cold-phase, cp) periods and interglacial (warm-phase, wp) periods, and thus the correlation was 
assessed within the ~1000 m vertical window of ELA fluctuation. This approach was echoed in 
later global-scale analyses (Egholm et al., 2009).  
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Figure 1.1: Evolution of the glacial limitation hypothesis. (a) From Broecker and Denton 
(1989), Fig. 6. Maximum elevation along American Cordillera compared to the position of the 
Late Pleistocene snowline. Red line is warm-phase (wp) ELA, blue line is cold-phase (cp) ELA.  
(b) From Egholm et al. (2009) Fig. 1b. Elevation distribution on the global scale. Grey bars are 
maximum elevation at each latitude. Colored points are 1°x1° SRTM tiles (colors correspond 
to continents in inset). Red and blue lines are same as (a). Egholm et al. (2009) proposed that 
so few SRTM tiles have a modal elevation higher than the wpELA due to effective glacial 
erosion, and thus that glacial erosion has limited mountain height on a global scale.    
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 A paradigm shift occurred when Brozović et al. (1997) presented a striking correlation between 
a robust measure of landscape elevation and the ELA. Using a DEM of the northwest Himalaya, 
Brozović et al. (1997) compared the hypsometry—or the area altitude distribution—to the position 
of the wpELA (Fig. 1.2). They found that the modal elevation (hypsometric maximum, peak of 
the elevation PDF) of large physiographic provinces matched the position of the wpELA with 
remarkable consistency, even though peak mountain height varied by 2 km across their study 
region. The analytical technique offered a new way to describe mountain height, and turned the 
question of glacial limitation away from the correlation of peak elevation with the ELA to the 
large-scale topographic structure of mountain belts and the ELA. Brozović et al. (1996) proposed 
that glacial erosion worked like a “buzzsaw,” which cut rock mass down to an elevation close to 
the ELA, leaving only high spires (termed “topographic lightning rods”) that sit high above valley 
floors. 
Egholm et al. (2009) echoed the approach of Brozović et al. (1997), but extended the analysis 
to the global scale, implementing hypsometric analysis on 1°x1° tiles of Shuttle Radar Topography 
Mission (SRTM) digital elevation (Fig. 1.1b). They compared the position of the modal elevation 
of every glaciated tile (or, in the common event that the elevation distribution was multi-modal, 
the highest elevation mode) to the ELA bounds estimated by Porter (1977) and published by 
Broecker and Denton (1989). They found that no tile has a hypsometric maximum above the upper 
limit of the Late Pleistocene ELA (that is, the wpELA). This observation led them to articulate a 
clear definition of glacial limitation: the ELA acts as an erosional base-level, an elevation to which 
most of the landscape is lowered. The concept of base level is more commonly applied to fluvial 
landscapes, and refers to an elevation at which channelized water flow becomes unconfined and 
spreads laterally, such as at sea (or lake) level. In fluvial landscapes, mountains rise high above 
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base level, and hypothetically steepen until the erosion rate along river channels is sufficient to 
match rates of rock uplift. Glacial limitation acts in a similar way: the ELA is a perched erosional 
base-level down to which higher parts of the landscape are lowered. Below the ELA, ablation 
drives slower ice flow and sediment deposition, which blocks glacier incision (Egholm et al., 
2012). Subglacial erosion rates asymptote to zero below the ELA. On the other hand, high, isolated 
peaks can rise far above the ELA, so long as they are linked to a landscape controlled by glacial 
erosion at the ELA.  
1.4.2 Proposed mechanisms of glacial limitation 
Brozović et al. (1996, 1997) recast the idea of glacial limitation in terms of a “glacial 
buzzsaw1,” which cuts or erodes rock near the surface down to the ELA. In doing so, they offered 
a process explanation for glacial limitation: glaciers always focus erosion at the ELA, and through 
time they erode headward into the landscape, leaving low-gradient valleys gradients at the ELA in 
their wake. They argued that a dip in topographic gradient near the modal elevation was evidence 
of such a flattening of the landscape. Their work has had a strong influence on subsequent studies 
on glacial limitation, including Egholm et al. (2009), who proposed that the match between 
hypsometric maxima and the bounds of late-Pleistocene ELA fluctuation on a global scale arises 
from large zones of low-gradient terrain associated with the glacial base-level at the ELA.  
The hypothesis that a glacial buzzsaw could be acting on glaciated mountain ranges fits well 
with accepted models of glacial landscape evolution. Early models focused on first-order 
characteristics of glacial valleys, such their tendency to exhibit “U-shape” cross-sections (Harbor, 
1992) and long, low-sloping valley floors (Oerlemans, 1984). Later, more sophisticated models 
                                                        
1 This terminology was first proposed by Bryan Isacks at the 1992 American Geophysical Union Tectonics and 
Topography conference in Snowbird, Utah. Isacks proposed that landscapes were shaped by two “erosional 
buzzsaws”: a fluvial buzzsaw and a glacial buzzsaw (Burbank, 1992).   
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confirmed early work (MacGregor et al. 2000; Anderson et al., 2006, 2012; MacGregor et al., 
2009), and linked the subglacial erosion rate to the ELA by showing that ice flux and subglacial 
water pressure were highest near this position on the glacier (MacGregor et al., 2000). Anderson 
et al. (2006) demonstrated that since glacial erosion focused at the ELA, a “parabolic divot” (as 
rephrased in Anderson and Anderson, 2010) develops in the longitudinal profile of the glacier 
valley just below the ELA, and migrates headward as glacial erosion proceeds through time.  
These models provided a mechanistic basis for how glacial erosion could carve low-sloping 
terrain near the ELA, the very mechanism favored by Brozović et al. (1997). Several authors have 
also gathered observations of glaciated landscapes to support the idea that cirque glaciers are 
responsible for cutting low-relief surfaces near the ELA as they erode headward. One of the 
clearest examples was provided by Oskin and Burbank (2005), who used the position of an 
exhumed unconformity in the Kyrgyz Range to show that headward erosion by cirque glaciers has 
pushed the main divide of the range southward, apparently due to more intense glacial erosion on 
north-facing slopes. Egholm et al. (2009) reproduced precisely the same mechanism with a 
numerical model, in which relatively small cirque glaciers eroded headward into the landscape 
near the ELA because they were unable to incise far below it. Pedersen and Egholm (2013) further 
linked this process to the commonly observed phenomenon of glacial valley deepening (e.g., 
Montgomery, 2002) by showing that short-lived, geographically small, and quickly paced 
glaciations can cut large portions of the landscape down to the ELA, and thereby condition it for 
the growth of large glacial networks during subsequent glaciations. In this model context, the 
hypsometric maximum at the ELA is progressively strengthened through subsequent glaciations. 
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Evidence linking cirque glacier erosion to the topographic signature of the glacial buzzsaw has 
been demonstrated widely. The most comprehensive evidence has come from Anders et al. (2010) 
and Mitchell and Humphries (2015). Anders et al. (2010) focused on the southern Swiss Alps, and 
showed that cirque floor elevation correlated with the position of the wpELA, and that despite an 
order of magnitude variability in precipitation rate, that cirques had similar relief. They reiterated 
the idea that the ELA acts as an erosional base-level, and that the introduction of this base level 
was ultimately the mechanism by which the glacial buzzsaw has limited mountain height in their 
study area. This line of thought was followed by Mitchell and Humphries (2015), who expanded 
the analysis to the global scale. They found a statistically significant correlation between the 
elevation of 14,000 ice-free cirques and the average of the cpELA and wpELA estimated by 
Figure 1.2. Evidence of a glacial buzzsaw in the northwest Himalaya. (a) Fig. 3 from Brozović et al. (1997). 
Hypsometry (elevation PDF) of physiographic provinces in the northwestern Himalaya. Elevation in km on x-
axis, relative frequency on y-axis. Grey bars are the elevation of the modern snowline (wpELA), and correlate 
with the elevation of hypsometric maxima (modal elevations). Thin, subhorizontal lines are 75th, 50th, and 25th 
percentile slope at each elevation. (b) Oblique Google Earth image of region k from (a). Blue line is the contour 
of the modal elevation (4700 ± 25 m). Brozović et al. (1997) proposed that the modal elevation occurs at near the 
ELA due to flattening of the landscape in this elevation band. Visualizing the modal elevation contour in Google 
Earth calls this interpretation into question.    
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Broecker and Denton (1989). They concluded that this correlation, along with the observation that 
cirque relief fell within a tight range on the global scale, were evidence that the glacial buzzsaw-
limited mountain height near the ELA by the headward erosion of cirques.  
1.5 Hypsometry and the glacial buzzsaw 
Sophisticated understanding of the glacial limitation phenomenon began with observations of 
hypsometry. Brozović et al. (1997) pioneered the approach, and made the compelling case that 
hypsometry could provide a robust measure of mountain height. In doing so, they also provided a 
clear demonstration of the method’s potential to reveal information about geomorphic processes. 
First, they posed that large scale relief reduction focused at the ELA is recorded as a modal 
elevation in large scale hypsometry, since large swaths of topography accumulate near the ELA as 
glaciers erode headward. Hypsometry further allows the easy comparison of topographic structure 
to specific elevation bands, and is thus a particularly useful tool for assessing the glacial buzzsaw 
hypothesis, which posits that the topographic character of the landscape changes above the ELA. 
Hypsometry is simply a measure of the fraction of surface area that occupies each elevation 
band, and it has been deployed in many forms. Here at Columbia University, Strahler (1952) was 
among the first to apply the metric widely, and chose primarily to represent hypsometry as a 
cumulative distribution function (CDF). Others, including the most influential works on glacial 
limitation (Brozović et al. (1997; Egholm et al., 2009), represented hypsometry as a probability 
distribution function (PDF) (although most of these studies approximated the elevation PDF with 
a histogram). The use of the elevation PDF has generally found favor among these studies because 
it provides a relatively unambiguous characterization of landscape geometry at each specific 
elevation, and thus allows a straightforward comparison of topographic structure and the ELA. 
Alternatively, the elevation CDF tends to smooth perturbations in topographic structure, and 
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discerning glacial influence in this manner requires a rather stringent null (unglaciated) model 
curve (Sternai et al., 2011). Perhaps the most notable study to use the elevation CDF was 
Montgomery et al. (2001). They separated the entire Andean orogeny into three large regions, on 
the basis of their dominant climate, and compared their elevation CDFs. Interpretation of these 
hypsometries was relegated to interregional comparison, and they concluded that a “shoulder” in 
some hypsometric curves was indicative of selective glacial removal of high elevation terrain. 
Thus, despite the quantitative nature of the analysis, early studies of hypsometry were restricted to 
qualitative interpretations. 
Brocklehurst and Whipple (2004) undertook the first systematic evaluation of hypsometry in 
glaciated topography, and modified the approach of Brozović et al. (1997) by comparing the 
elevation PDF of glaciated basins, rather than large physiographic regions. They found that the 
strength of modal elevations at the ELA was a faithful measure of the extent of glaciation in 
glaciated basins from several heavily glaciated areas, including the Ben Ohau Range of New 
Zealand, the Sangre de Cristo Range of Colorado, and the Sierra Nevada of California. They 
specifically compared the position of the modal elevation to the mean value of the wpELA and 
cpELA (described as the Quaternary mean ELA), and found that the amplitude of this peak grew 
with the proportion of glaciarized area in the basin. Similar findings were reported in in the 
following decade, including Mitchell and Montgomery (2006) in the Cascade Range, Brocklehurst 
and Whipple (2007) in the New Zealand Southern Alps and Nanga Parbat region of Pakistan, and 
Foster et al. (2008) in the Basin and Range of the United States. All of these studies compared the 
position of the modal elevation of either swath profiles or large drainage basins to the position of 
the Quaternary mean ELA or the cpELA. In each case, a modal elevation between the cpELA and 
the wpELA and the rapid disappearance of topography above this elevation band was cited as 
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evidence of the glacial buzzsaw at work: specifically, that headward glacial erosion had flattened 
the landscape near the ELA. 
The connection between hypsometry and the topographic signal of the glacial buzzsaw was 
solidified by the work of Egholm et al. (2009). They were motivated to explore the global 
prevalence of the glacial buzzsaw (Fig. 1.1b), and they operated under the model framework that 
flattening of the landscape near the ELA would result in the growth of hypsometric maxima at this 
elevation. They asserted that, by comparison, mountain ranges dominated by fluvial erosion would 
be characterized by hypsometric maxima that sit low in the landscape—most likely near the local 
controlling fluvial base-level. Due to the global scope of this study, they took a rather blunt 
approach to hypsometric analysis, and analyzed only the position of the highest modal elevation 
in 1°x1° SRTM tiles. These tiles effectively sample the Earth’s surface randomly, and thus the 
hypsometry of any individual tile is difficult to interpret. For example, some tiles only contain a 
small sliver of a particular mountain range, with the rest made up of large depositional plains, and 
the hypsometric maximum is thus biased toward low elevations. Nevertheless, it is remarkable that 
of all of the tiles analyzed, virtually none have a modal elevation above the ELA, even though the 
ELA varies by ~5 km in this global data set. They used this result to pose the hypothesis that the 
ELA acts as a perched base level, in the sense that ELA defines an elevation at which the dominant 
erosional regime undergoes a switch.  
1.6 Evidence for accelerated global denudation during the Pleistocene 
 The glacial buzzsaw hypothesis is rooted in the study of topography, and the motivation and 
focus of this thesis is an examination of the topographic signature of glacial limitation. A prevailing 
thought in the literature is that the imposition of a glacial ceiling on mountain height should 
correlate with enhanced rates of exhumation in mountains subject to glacial limitation, since 
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lowering mountain peaks down to the ELA presumably requires a transient increase in erosion 
rate. Much effort has been devoted to testing this hypothesis (e.g., Herman et al., 2013). The main 
attempts to address it have used thermochronometry and marine sediment budget approaches. 
Thermochronometry is the study of the thermal evolution of the crust, which is intimately 
linked to rates of crustal exhumation (Reiners and Brandon, 2006). The method has been used 
widely, and here I present only a few examples of this large body of work as it relates to glacial 
erosion. Perhaps the most heralded study to demonstrate a strong glacial control on the thermal 
evolution of a mountain range is Thomson et al. (2010), who showed a strong latitudinal gradient 
in exhumation rate in the southern Andes (between 39°-56° S). They found that north of 49°S, 
bedrock cooling ages were dominantly 7-5 Ma, coincident with the onset of ice sheet presence in 
Patagonia. South of 50°S, bedrock cooling ages were much older, an indication that the relatively 
recent exhumation rates have been slower over the southernmost tip of South America. They 
attributed this pattern to glacial protection of the landscape in zones where ice is cold-based and 
thus non-erosive. Some debate remains over the precise reasons for the latitudinal difference in 
exhumation rate, but regardless it is apparent in the thermochronometric data that glacial erosion 
can induce a sharp change in the regional exhumation rate.  
The efficacy of thermochronometry to reveal enhanced exhumation rate due to glacial erosion 
remains in doubt (Schildgen et al., 2018). One of the most promising cases supporting a widespread 
increase in global exhumation rate was put forth by Herman et al. (2013), who compiled ~18,000 
thermochronometric measurements from around the world and used a formal inversion scheme to 
compare the exhumation history of mountain ranges prior to the onset of global glaciation (4-6 
Ma) and after (2 Ma to present). They found a persistent increase in exhumation rate on a global 
basis, generally by a factor of between two and four, which they attributed to the onset of 
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glaciation. They also found evidence of enhanced exhumation rates in low-latitude mountains, 
which they discounted under the erroneous impression that these areas were not influenced by 
glacial erosion; these ranges included those in New Guinea, the Central Range of Taiwan, and the 
northern Andes, all which were subject to Pleistocene glaciation. Schildgen et al. (2018), however, 
looked closely at many of the study sites presented by Herman et al. (2013) and found that nearly 
each case of enhanced exhumation could either be attributed to an acceleration in the rate of 
tectonic forcing or, worse, bias introduced by the inversion scheme. This important work has raised 
serious questions about the prevalence of enhanced exhumation rates revealed in 
thermochronometry.        
That said, there are many concerns with thermochronometry as it relates to the question of 
glacial limitation that are rather unrelated to the question of whether it has recorded transient 
phases of exhumation. First, even the most sensitive thermochronometric systems requires ~1 km 
of vertical exhumation (although this value varies with the local geothermal gradient and 
exhumation rate) focused at particular location in the landscape. It is not clear a priori how much 
exhumation is necessary to consider a mountain range glacially limited, and, more importantly, 
whether the absence of such a signal is indicative of the absence of glacial limitation.   
 1.7 Where does debate over the “glacial buzzsaw” stand? 
Although the evidence supporting the glacial limitation hypothesis is strong, there are many 
questions about its prevalence as well as the very mechanisms by which glacial limitation could 
occur. I distill the debate into the following two questions: 
i) Glacial incision has been demonstrated to be quite powerful, and classic alpine landscapes 
are often characterized by extremely high relief found in long trunk valleys. How can 
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glacier valley incision be reconciled with mechanisms that produce low gradient terrain 
near the ELA? 
ii) The glacial buzzsaw hypothesis claims that glacial erosion has cut low-gradient terrain into 
mountains near the ELA, and that the presence of anomalously low-gradient landscapes at 
high elevations is the topographic signature of glacial limitation. Yet, there are a variety of 
ways to produce elevated, low-relief topography, and a correlation between the ELA and 
mountain range-scale modal elevation could, in any given case, be a coincidence. Is it 
possible to disentangle the topographic inheritance of low-relief surfaces unrelated to 
glacial erosion from landscapes shaped by glacial erosion itself? 
1.7.1 Glacial valley incision vs. glacial buzzcutting 
In the last decade, debate over the prevalence of the glacial buzzsaw has ultimately turned to 
whether glacial erosion has been responsible for generating low-relief surfaces at high elevations 
(Sec. 1.6.2). Hypsometric maxima near the ELA certainly seem to indicate large, low-gradient 
terrain at this elevation, and proponents of the glacial buzzsaw have put forth the argument that 
glacial erosion generates low-relief terrain in situ. A line of confusion is that glacial erosion gouges 
the landscape, and can create dramatic relief (Whipple et al., 1999). For example, Valla et a. (2011) 
convincingly demonstrated an two-fold increase in glacial valley relief below the cpELA in the 
western European Alps around the time of the mid-Pleistocene transition, which they attributed to 
enhanced trunk glacier incision after this time. Hall and Kleman (2014) summarized the 
controversy succinctly: “the glacier buzzsaw cuts down, and should not be applied to contexts 
where horizontal erosion is dominant.” Egholm et al. (2009) and Pedersen and Egholm (2013) 
addressed this criticism by specifying large trunk glaciers, fed by several tributary glaciers, were 
capable of incising far below the ELA due to high ice flux, but that the smaller valleys that feed 
Chapter 1: The case for glacial limitation of mountain height 
 19 
them are not. They claimed that the signature of the glacial buzzsaw originates in these small 
tributary glacial valleys, which were unable to incise far below the ELA. The glacial buzzsaw 
hypothesis allows for deep excavation of narrow valleys by large trunk glaciers, because the height 
limiting effect only arises from widespread, headward propagation near the ELA at the highest 
elevations of the glacial valley network.  
1.7.2 The problem of topographic inheritance: the origin of low-relief landscapes 
A more severe criticism of the glacial buzzsaw hypothesis focuses on whether glacial erosion 
simply “decorates” or “ornaments” uplifted, low-relief surfaces that have reached high elevations. 
Somewhat ironically, the birthplace of the glacial buzzsaw hypothesis itself, the northwest 
Himalaya, has become a problematic example for precisely this reason. Van der Beek et al. (2009) 
used thermochronometry to show that the low-relief landscapes in the Karakoram, first identified 
by Brozović et al. (1997) as remnants of the glacial buzzsaw, have been subject to extremely low 
erosion rates since 35 Ma. They convincingly demonstrated that these high elevation, low-relief 
landscapes formed quickly and early during orogenesis, and that they have been subject to only 
very gradual incision. The implication is that the match between modal elevation and the ELA 
observed by Brozović et al. (1997) is pure coincidence and has little to do with a glacial buzzsaw. 
Similar reports are common. Geologic and thermochronometric evidence for uplifted surfaces 
near the ELA have been presented for many places where the glacial buzzsaw seems most 
plausible: the Sierra Nevada of California (Elliot-Fisk, 1987; Clark et al. 2005); the Colorado Front 
Range (Meierding, 1982), the Western European Alps (Battiau-Queney, 1997), the Transylvanian 
Alps (Mîndrescu and Evans, 2008; Evans et al., 2015), and the central Andes (Whipple and 
Gasparini, 2014). Compilation of these observations have been put forth as evidence that glacial 
erosion has ornamented high elevation, low-relief topography, and thus that the match between 
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modal elevation and the ELA is a coincidence (Hall and Kleman, 2014). Consequently, the 
question of whether glacial limitation of mountain height occurs with any regularity has 
encountered the classic challenge of disentangling the signatures of climatic and tectonic forcing.  
1.8 Glacial limitation revisited: are tropical mountains glacially limited? 
The debate over glacial limitation of mountain height has faltered over the question of whether 
low-gradient landscapes found near the ELA are uplifted remnants of disequilibrium, fluvial 
landscapes or glacially-carved valleys cut into otherwise steep highlands. In other words, the 
glacial limitation hypothesis—that glacial erosion imposes an upper limit on mountain growth—
has evolved into the glacial buzzsaw hypothesis, which requires that glacial limitation occurs 
precisely through headward erosion and “flattening” of otherwise steep landscapes above the ELA.  
In this thesis, I propose that the question most relevant to the glacial limitation hypothesis is 
whether glacial erosion has limited mountain height by establishing and maintaining an erosional 
base-level—not, whether low-gradient terrain at high elevations owes its origin to a “glacial 
buzzsaw.” In other words, all glacial limitation requires, sensu stricto, is the imposition of a glacial 
base-level near the ELA that prevents rock mass from rising higher, regardless of the pattern in 
which rock is advected through the ELA. I further argue that glacially limited mountain ranges 
need not be in a fluvially limited state (that is, a steady state between rock uplift and river channel 
incision) prior to glaciation for glacial limitation to occur. I show that glacial limitation is still 
viable even if glaciers take advantage of disequilibrium topography—such as low-relief plateaus 
(of whatever origin) that are disconnected from external base-level control (e.g., Zhang et al., 
2016). If a mountain range is characterized by slowly eroding, uplifted landscapes that do reach 
the ELA, and glacial erosion (tied to an ELA base-level) effectively prevents them from rising 
higher, then the conditions of glacial limitation are satisfied.  
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I make the case that the signature of glacial limitation in the landscape is thus rather different 
than low-gradient terrain near the ELA (Egholm et al., 2009). The presence of such terrain, even 
if it bears signs of glacial erosion, is not sufficient to test the hypothesis that mountains are glacially 
limited. Rather, a test is needed to assess whether  
i) a glacial base-level has been established above fluvial base-level, and  
ii) the high elevation landscape is closely tied to the glacial base-level.  
This test requires a relatively large selection of mountain ranges with relatively similar climates 
that are subject to variable patterns of rock uplift. Such a selection of mountain ranges would offer 
a direct comparison of topographic structure near a common ELA across a broad range of tectonic 
environments. In this thesis, I argue that tropical mountains are well-suited to test the glacial 
limitation hypothesis. Glaciers were widespread throughout the tropics during the LGM, and clear 
evidence of pre-LGM glaciations is available in some tropical mountain ranges, such as the 
Cordillera Blanca of Peru (Faber et al., 2005), and the Merauke Range of Papua (Prentice et al., 
2005). The prevalence of tropical glaciation was recognized slowly throughout the 20th century, 
and although it has gained substantial attention (and controversy) within the paleoclimate 
community, there has been little attention paid to its geomorphic significance (with the notable 
exceptions of the Rwenzori Mountains of East Africa (Ring, 2008) and the Cordillera Blanca of 
Peru (Margirier et al., 2016)).  
Glacial erosion in the tropics provides the following advantages, which allow me to thoroughly 
evaluate the glacial limitation hypothesis in the following ways: 
i) The tropical cpELA is relatively high, typically between 3400 and 4000 m. In many 
tropical mountain ranges, there is thus substantial separation between the potential 
glacial base-level and fluvial base-level, and so it is possible that the influence of a 
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glacial base-level in these landscapes is particularly clear. Compared with higher 
latitudes, where glacial ice often flowed past mountain range fronts, tropical mountains 
are primed to be sensitive recorders of the perched glacial base-level. 
ii) Because of the high ELA, glaciated tropical mountains tend to be rapidly uplifting and 
eroding, and thus also bear a strong fluvial imprint. The break associated with the 
transition to a high elevation, glacial base-level stands to be pronounced.  
iii) Existing reconstructions show that the tropical ELA is similar over a wide geographic 
range (Mark et al., 2005; Hastenrath, 2009). Glaciated mountain ranges in Central and 
South America, Africa, and southeast Asia have been subject to different patterns and 
rates of rock uplift and crustal deformation, but the ELA is similar in all of them, a sign 
that the long-term climate has also behaved similarly in all of these places. In this sense, 
tectonic or geologic influences on topography can be naturally controlled for.  
The tropics thus stand to provide a new and robust test of the glacial limitation hypothesis—the 
assessment of which is the motivation of this thesis. Furthermore, the tropics are subject to high 
rates of rainfall (e.g., Weiland and Cloos, 1996) and high rates of fluvial incision (e.g., Dadson et 
al., 2003), and are considered strong candidates for fluvial limitation (e.g., Suppe et al., 1981; 
Willett and Brandon, 2002). I argue that if glacial limitation is at work in even these mountain 
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1.9 Scope of chapters 
 In this thesis, I divide my test of glacial limitation in the tropics into three chapters: 
1) Detailed observations of two small, post-glacial tropical landscapes, and a study of how 
glacial erosion is imprinted in their topography. 
2) Development of a new method of topographic analysis that reveals patterns of landscape 
organization, as well as landscape rearrangement, in hypsometry. 
3) Analysis of the topography of ten tropical mountain ranges that bear signs of glacial 
erosion. 
I start with the specific and end with the general: I begin by looking closely at how glacial erosion 
operates where glaciations are restricted to high elevations and perched above steep fluvial 
landscapes. Observations of these mountain ranges motivate questions about hypsometric analysis, 
particularly in regard to the appropriate scale of such analysis. These questions lead me to develop 
a new tool: Progressive Hypsometry. I ultimately find that hypsometry implemented on the scale 
drainage basins is a sensitive measure of both (i) landscape relief scales and (ii) the landscape’s 
connection to external base-level forcing. I finally use the Progressive Hypsometry tool to 
implement a full test of the glacial limitation hypothesis in the tropics. Below I provide a more 
detailed account of each chapter. 
 In Chp. 2 I begin the exploration of glacial limitation in the tropics by looking closely at two 
marginally glaciated tropical mountain ranges which have not previously been considered glacially 
limited: the Talamanca Range of Costa Rica and the Central Range of Taiwan. I present field 
evidence of glacial erosion and 10Be and 3He surface exposure dates of glaciated and nonglacial 
landscapes in Costa Rica, which tightly constrain the position of the LGM ELA. I then compare 
the hypsometry of glaciated valleys at both Cerro Chirripó and Nanhudashan to their local 
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estimated ELA, and find that their hypsometric maxima lie close to the estimated ELA of the LGM. 
I furthermore present evidence that this signal is erased from the landscape as fluvial erosion 
pushes headward into glaciated valleys, thus compromising the preservation potential of some of 
these glacial landscapes. The study draws attention to a problem of scale in hypsometric analysis, 
and shows that glacial-type hypsometry can go obscured in large-scale hypsometric analysis, as 
presented by Brozović et al. (1997) and Egholm et al. (2009).  
Chp. 3 confronts the issue of measurement scale in hypsometric analysis, but it does so purely 
from the perspective of the fluvial landscape. The focus of this chapter is the realization that on 
the scale of catchments, the position of the modal elevation is dictated by the dominant catchment 
relief, and not patterns in topographic gradient. I demonstrate this phenomenon with an algorithm, 
termed Progressive Hypsometry, which tracks how the modal elevation varies in catchments that 
drain to different elevations of the landscape channel network. The analysis finds two relief scales: 
one that describes the typical valley relief, and the other the overall relief of catchments. Where 
external base-level control is consistently enforced, the landscape is organized into self-similar 
catchments, whose three-dimensional geometry is governed by these two relief scales at all 
elevations. Where the connection with fluvial base-level forcing is broken, isolated catchments 
evolve a dissimilar geometry, and deviate from the dominant relief scales. Examples of such 
landscapes include perched, passively uplifted low-relief valleys and recent drainage captures. The 
question of how glacial erosion is imprinted on the landscape is largely absent from this chapter. 
However, the results provide a reference for interpreting hypsometry implemented on the 
catchment scale, which, in turn, I use to assess the hypsometry of glaciated landscapes in the 
tropics.  
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In Chp. 4, I make the case that the Progressive Hypsometry method provides precisely the test 
necessary to discern the presence and influence of a glacial base-level in the tropics. I implement 
the algorithm on ten tropical mountain ranges, selected on the basis that they are well-connected 
to fluvial base-level, and are thus strong candidates for fluvial limitation. Progressive Hypsometry 
identifies glacial landscapes in nine of them, and finds a clear fingerprint of glacial limitation in a 
subset of these mountains. I further show that transient landscapes—segments of the landscape 
that have become disconnected from external base-level forcing—have risen to the cpELA in all 
of these mountain ranges, indicating that fluvial limitation is an unlikely phenomenon even in these 
rapidly uplifting and eroding mountain ranges. I conclude that glacial limitation consistently acts 
on tropical mountain ranges that are not in a steady state balance between rock uplift and fluvial 
erosion. This finding offers a resolution for the debate over the prevalence of glacial limitation 
presented in Sec. 1.7. Finally, I conclude that since glacial limitation works even in the tropics, 
where fluvial forcing is strong and glacial erosion is limited only to cold periods, then by 
implication, glacial limitation is all the more likely on global basis.  
1.10 Data and methods common to all chapters 
In each chapter I present analysis of digital topography. For all of these analyses, I used 1-
arcsecond (projected at 30 m resolution) Shuttle Radar Topography Mission (SRTM) digital 
topography (Farr et al., 2007). SRTM data were acquired from the U.S. Geological Survey Earth 
Explorer website (available at https://earthexplorer.usgs.gov). For all selected mountain ranges, I 
mosaicked 1°x1° tiles of SRTM DEM, and then projected using a Lambert Azimuthal equal-area 
projection using a locally defined central meridian and latitude of origin (thus minimizing the 
distortion for region of interest) referenced to the WGS84 datum. SRTM digital topography is 
sometimes characterized by data voids in particularly steep and high relief terrain. In these cases, 
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I patched the 1-arcsecond data with void-filled (interpolated) 3-arcsecond SRTM digital 
topography acquired from ViewFinder Panoramas (http://www.viewfinderpanoramas.org). To do 
so, I mosaicked 1°x1° tiles of void-filled SRTM, then projected the DEM to 90 m resolution using 
the same Lambert azimuthal equal-area projection used for each 1-arcsecond SRTM DEM. I then 
resampled the 90 m DEM to 30 m resolution. Pit filling and drainage delineation were performed 
on each DEM using the TopoToolbox (v. 2.1) package in Matlab (Schwanghart and Kuhn, 2010; 
Schwanghart and Scherler, 2014). TopoToolbox served as the code base for manipulation of each 
DEM described in Chapters 3 and  4.
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* Most of the results presented in this chapter were published in Earth Surface Dynamics with co-authors Colin P. 
Stark, Michael R. Kaplan, and Joerg M. Schaefer (Cunningham et al., 2019). 
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Glacial erosion can outpace even rapid rates of rock uplift and limit the height of mid-latitude 
mountain ranges. Some of the strongest evidence supporting this hypothesis is that the hypsometric 
maximum (i.e., the modal elevation) of these mountain ranges often lies within the bounds of Late 
Pleistocene glacier equilibrium line altitude (ELA) fluctuation. Glacial landscapes make up a 
smaller proportion of mountain ranges where glaciations have been restricted to high elevations, 
such as those in the tropics, where the cold-phase ELA (cpELA) is above 3000 m. The possibility 
that glacial erosion also limits the height of these low latitude mountains has not been evaluated; 
instead it has been assumed that they are more likely limited in height by fluvial erosion, or that 
they are in a state of transience with respect to elevation. Here I show that the highest landscapes 
of two (sub)tropical mountain ranges, which are subject to high rates of fluvial incision and are 
unglaciated at present, also show signs of glacial limitation. I present field evidence of substantial 
glacial erosion at Cerro Chirripó, the highest landscape of the Talamanca Range of Costa Rica 
and, Nanhudashan, one of the highest landscapes in the Taiwan Central Range. New 10Be and 3He 
surface exposure ages on boulders and bedrock at Cerro Chirripó tie the landscape to the global 
Last Glacial Maximum (LGM). I then compare the hypsometry of glaciated valleys at both Cerro 
Chirripó and Nanhudashan, and find that their hypsometric maxima always lie close to the 
estimated LGM ELA. In both places, fluvially-driven scarp encroachment appears to erase glacial 
landscapes, potentially obscuring the long-term effect of glacial erosion. I propose that the height 
of both mountain ranges is ultimately limited by a tandem of glacial and fluvial erosion, with 
glacial erosion preventing most rock mass from rising above the cpELA, and fluvial erosion 
erasing glacial landscapes during warm periods. 
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Glacial geomorphology has focused on the mid and high latitudes. The highest elevation mid-
latitude mountain ranges bear testament to the power of glacial erosion to reshape landscapes: they 
are characterized by classic alpine topography, including deeply excavated U-shaped valleys, 
overdeepenings, hanging cirque valleys, and arêtes that tower above valley floors (e.g., Embleton, 
1972). Although the influence of glacial erosion on landscape evolution has long been recognized 
(Penck, 1905), the possibility that it could be coupled with the geodynamic evolution of mountain 
ranges was only realized during the late 20th century. Molnar and England (1990) proposed that an 
increase in exhumation rate accompanying the onset of global glaciation during the Pleistocene 
was so severe that the most heavily glaciated mountain ranges have been subject to erosionally-
driven, flexural-isostatic rock uplift. Subsequent work demonstrated that geomorphic constraints 
do not allow glacial erosion to generate much topographic relief through erosional unloading 
(Whipple et al., 1999), but it is clear that efficient glacial erosion has still driven a prolonged 
acceleration in the exhumation rate of some mountain ranges (Whipple, 2009). Evidence of such 
severe glacial erosion is recorded in the thermochronometric record, which has revealed enhanced 
exhumation driven by glacial erosion in the European Alps (Valla et al., 2011; Fox et al., 2015), 
Patagonia (Thomson et al., 2010), and the Southern Alps of New Zealand (Shuster et al., 2011). 
Researchers have also demonstrated that Late Pleistocene glaciation altered the kinematic 
evolution of some mountain ranges, such as the St. Elias Range in Alaska (e.g. Berger et al., 2008). 
A similar, but distinct, line of thought is that glacial erosion has limited the height of mountain 
ranges. The hypothesis is that long-term glacial erosion rates have matched or exceeded rock uplift 
rates, and have thus kept mountain ranges at a lower elevation than would be attained in the 
absence of glaciation. The nascent form of this idea was proposed over a century ago (Dawson, 
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1895; Penck, 1905), although data constraints permitted only qualitative indications of the global 
prevalence of glacial limitation until the late 20th century (Broecker and Denton, 1989). In the 
modern day, the strongest evidence in support of the glacial limitation hypothesis is a correlation 
between landscape hypsometric maxima (modal average elevation) and the position of the glacier 
equilibrium line altitude (ELA). Brozović et al. (1997), working in the northwest Himalaya, were 
the first to identify the link between the landscape modal elevation and glacial erosion. They 
proposed that “intensive glacial scouring” focused near the ELA lowered most of the landscape 
close to this elevation, and that higher elevations were only attained on arêtes that had survived 
glacial erosion because they were too steep to sustain glacial ice. The hypothesis has been 
sharpened to include geomorphic processes, most notably that headward erosion by cirque glaciers 
leaves low-gradient topography near the ELA. Evidence for this process has been provided on a 
number of fronts, including field observation (Brocklehurst and Whipple, 2004; Oskin and 
Burbank, 2005; Mitchell and Montgomery, 2006; Brocklehurst and Whipple, 2007; Foster et al., 
2008; Anders et al.,  2010; Mitchell and Humphries, 2015), thermochronometry (e.g. Thomson et 
al., 2010; Fox et al., 2015) and numerical modelling (MacGregor et al., 2000; Anderson et al., 
2006; MacGregor et al., 2009; Egholm et al., 2009).  
Egholm et al. (2009) provided an assessment of glacial limitation on a global scale. They 
calculated the modal elevation of each 1° latitude x 1° longitude tile of 3-arcsecond (nominal 90 
m resolution) SRTM (Shuttle Radar Topography Mission) digital topography with elevations high 
enough for Late Pleistocene glaciation. They found that the modal elevation of each SRTM tile 
(crudely the scale of an entire mountain range) is either below or within the vertical span of the 
Late Pleistocene ELA fluctuation. The implication of this result is that mountain ranges are either 
largely unaffected by glaciation (particularly those mountains where the ELA is high) or that 
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glacial erosion has not limited their height. The nature of this global study did not allow for a 
straightforward assessment of glacial geomorphology in those landscapes with a modal elevation 
within the span Late Pleistocene ELA, but the apparent match between the ELA and landscape 
modal elevation is nevertheless striking.  
The debate over the prevalence of glacial limitation has focused on whether the most heavily 
glaciated mountain ranges owe their topographic structure to severe glacial erosion, tectonically-
driven plateau uplift (e.g., van der Beek et al., 2009; Hall and Kleman, 2014) or some combination 
of both (Zhang et al., 2016). Here, I approach the glacial limitation hypothesis from a different 
perspective: is it possible that glacial limitation is at work in mountain ranges where ice has been 
restricted to relatively small areas? The motivation for this question is the realization that 
glaciations were widespread throughout the highlands of warm, tropical mountains during the 
Pleistocene (Mark et al., 2005; Hastenrath, 2009), and that tropical mountains also very rarely rise 
much higher than the lower limit of the Late Pleistocene ELA (Broecker and Denton, 1989; 
Egholm et al., 2009; Chp. 1, Fig. 1.1).  
Initial evidence of glaciation in tropical mountains was discovered early in the 20th century, 
but such evidence often remained restricted to the grey literature until the 21st century. Interest in 
tropical glaciation has primarily come from the paleoclimate community (Hastenrath, 2009). 
CLIMAP (1981), a cornerstone of paleoclimatology, predicted that tropical sea surface 
temperatures underwent little or no change during the LGM, and it was thus surprising that field 
evidence of glaciation throughout the tropics required an ELA depression of 800-1000 m during 
the LGM, consistent with 4-6°C of high altitude cooling (Broecker and Denton, 1989). For this 
reason, the significance of glacial landforms in the tropics has been questioned (see Crowley, 2000 
for discussion). The story is similar for the glacial geomorphic record: very little attention has been 
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paid to the significance of glacial erosion in the tropics, despite its prevalence. Glacial limitation 
has only been considered viable in the Rwenzori Mountains of East Africa (Ring, 2008) and the 
Cordillera Blanca of Peru (Margirier et al., 2016).  
The tendency to overlook or discount glaciation as a potential limiter of tropical mountain 
height is reasonable. The tropical cold-phase ELA (cpELA) was generally above 3400 m in the 
tropics and in many cases, glaciation was restricted to relatively small, isolated ice caps (Mark et 
al., 2005; Hastenrath, 2009). Furthermore, tropical mountain ranges high enough for Pleistocene 
glaciation tend to be subject to rapid rates of rock uplift and commensurately high rates of fluvial 
incision (e.g., Hovius et al., 1998; Dadson et al., 2003; Morell et al., 2012). The potential for fluvial 
limitation in these mountain ranges is strong. It is striking, however, how well the high elevations 
of tropical mountains around the world correlate with the cpELA. For example, glacial landscapes 
with an estimated cpELA between 3400-4000 m have been described throughout the island of New 
Guinea, including the Finisterre Range, Owen Stanley Range, the Merauke Range, and the Central 
New Guinea Highlands (e.g., Loeffler, 1971; Loeffler, 1982; Prentice et al., 2005; Barrows et al., 
2011; Prentice et al., 2011), Central America and northern South America, including southern 
Mexico, Guatemala, Costa Rica,  Colombia and Venezuela (e.g., Orvis and Horn, 2000; Lachniet 
and Seltzer, 2002; Lachniet and Vazquez-Selem, 2005) and East Africa (e.g., Kaser and Osmaston, 
2002). Only the Merauke Range and Rwenzori Mountains rise substantially above 4000 m. The 
extent of mapping efforts has varied throughout these places. In the Rwenzori Mountains (Kaser 
and Osmaston, 2002; Kelly et al., 2014) and the Mérida Range of Venezuela (Stansell et al., 2007; 
Wesnousky et al., 2012; Carcaillet et al., 2013), glacial geomorphic mapping has been rigorously 
undertaken over several decades, and state-of-the-art chronologies based on 10Be surface exposure 
dating have tied glacial landscapes to the global LGM. In other places, particularly in the Merauke 
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Range of New Guinea, glacial landforms are apparent in satellite imagery, but (to my knowledge) 
have not even been mentioned in the literature.     
 Unlike the mid-latitudes, the question of how glacial limitation might be expressed in tropical 
mountains has not been considered. First, because of the high cpELA, the style of glacial erosion 
varies somewhat dramatically between tropical mountain ranges. In the mid-latitudes, large valley 
glaciers often extend past mountain range fronts and spill into piedmont lobes. In these mountain 
ranges, entire valley networks have been reshaped by glaciers. In contrast, glaciations in the tropics 
have almost always occurred high above otherwise steep fluvial networks (with the exception of 
some glaciated areas of the Peruvian/Bolivian Altiplano and the Bale Mountains in Ethiopia). By 
holding tropical and mid-latitude mountain ranges to the same standards of glacial limitation (i.e., 
the presence of a modal elevation near the Late Pleistocene ELA within a large area), evidence of 
glacial limitation may have gone overlooked in the tropics. For example, how large, precisely, do 
glacial landscapes need to be relative to the fluvial networks that flank them for the mountain range 
to be considered glacially limited? There is presently no clear answer to this question, but it stands 
to be an important one: are even the high, warm mountains, which have the strongest fluvial 
imprint, glacially limited? 
2.3 Motivation and structure of chapter  
To my knowledge, no prior work has attempted to compare the glacial geomorphology of 
tropical mountains and devise an appropriate test of whether they are glacially limited. In this 
chapter I begin to undertake this task. I do so through detailed study of two type-example glaciated 
tropical mountains: the Talamanca Range of Costa Rica and the Central Range of Taiwan (Fig. 
2.1). My claim that these are type-example glaciated tropical mountains is based on several lines 
of reasoning. First, it is apparent that both mountain ranges are presently subject to strong, 
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tectonically-driven rock uplift. Fluvial erosion rates, driven by rock uplift and intense rainfall, are 
thought to exceed 1 mmyr-1 in both places (Dadson et al., 2003; Morell et al., 2012; Derrieux et 
al., 2014; Hsu et al., 2016). Next, glacial landscapes are restricted to small areas above quickly-
eroding fluvial valleys in both places, and the disconnection between glacial and fluvial landscapes 
appears to be strong. Finally, glacial erosion is thought to have played only a negligible role in the 
evolution of both mountain ranges (e.g., Morell et al., 2012; Ouimet et al., 2015; Hsu et al., 2016).  
Figure 2.1: Glacial landscapes of the Talamanca Range of Costa Rica and the Central Range of Taiwan. (a) 
Talamanca Range, Costa Rica. Color ramp is embedded in (b). Terrain above the estimated LGM ELA (3500 m 
in Costa Rica, 3400 m in Taiwan) is in blue. Landscapes where evidence of possible glaciation has been described 
are labeled. The only unambiguous evidence of glacial erosion has been reported for Cerro Chirripó. Purple square 
outlines tile used to calculate hypsometry in (c). (b) Central Range of Taiwan. Glacial landscapes have been 
described at three locations, including Nanhudashan (focus site here), Xueshan, and Yushan. Purple square 
outlines tile used to calculate hypsometry in (d). (c-d) Hypsometry (elevation probability density function) for 1° 
latitude x 1° longitude tiles. Egholm et al. (2009) presented hypsometric maxima (modal elevations) calculated 
within these tiles.  
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I begin by describing the tectonic setting of both mountain ranges. I then describe their history 
of glacial geomorphic study, including my own work, particularly at Cerro Chirripó in the 
Talamanca Range of Costa Rica. I highlight that ambiguous landscapes near the cpELA have been 
described in these places, particularly in the Talamanca Range. Next, I present results of 
geomorphic mapping, hypsometric analysis, and surface exposure age analysis for glacial 
landscapes at Cerro Chirripó in Costa Rica and Nanhudashan in Taiwan. I tie these lines of 
evidence together to propose that glacial landscapes are subject to attack by their flanking fluvial 
networks, and that destruction of glaciated terrain appears to progress quickly in these tropical 
environments. I conclude by proposing that it is a tandem of glacial and fluvial erosion that limits 
the height of these mountain ranges.   
2.4 Study site selection 
I chose to focus on two tropical mountains where glacial landscapes are particularly small, and 
stand in strong contrast the fluvial landscapes flanking them: the Talamanca Range of Costa Rica 
and the Central Range of Taiwan. Recent research has converged on the hypothesis that high 
elevations were attained in both ranges after a rapid Plio-Pleistocene acceleration in rock uplift 
rate (Morell et al., 2012; Zeumann and Hampel, 2017; Hsu et al., 2016), and that their present-day 
elevations have been achieved only recently. This explanation leaves room for only incidental 
glacial erosion. A similar case can be made for other tropical mountain ranges, such as the 
Finisterre Range of Papua New Guinea, where proposed patterns of landscape evolution have not 
considered the influence glacial erosion (Abbott et al., 1997; Hovius et al., 1998), despite early—
but not widely recognized—reports of glacial remnants there (e.g., Loeffler, 1971). In this chapter, 
I ultimately narrowed the foci to the Talamanca Range and Central Range because of the extensive 
body of prior work of their geodynamic evolution and their glacial geomorphology, and because 
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of the apparent disconnect between these two lines of research. In the Talamanca Range, despite 
extensive geomorphic mapping carried out over several decades (Weyl, 1955; Hastenrath, 1973; 
Bergoeing, 1978; Barquero and Ellenberg, 1986; Shimizu, 1992; Orvis and Horn, 2000; Lachniet 
and Seltzer, 2002), the glacial chronology has been poorly constrained (Orvis and Horn, 2000); to 
address this issue, I targeted Cerro Chirripó for 10Be surface-exposure-age dating. In contrast, the 
glacial chronology of the Central Range is reasonably well constrained by such methods (Siame 
et al., 2007; Hebenstreit et al., 2011), at least for the purposes of this study. 
2.4.1 Talamanca Range, Costa Rica 
The Talamanca Range is a high section of the Central American Volcanic Arc that stretches 
for ~175 km from central Costa Rica to western Panama (Fig. 2.1a). The mountain range largely 
comprises Miocene volcanics and intermediate plutonics that intruded volcanic rocks around 8 Ma 
(Drummond et al., 1995) and cooled to <65°C by 5 Ma (Morell et al., 2012). The central 
Talamanca coincides with the subduction of the aseismic Cocos Ridge, one of the most striking 
features of the Central American convergent margin. Subduction of the Cocos Ridge is thought to 
have contributed to the onset of rapid rock uplift, the development of a bivergent wedge, and the 
cessation of arc volcanism in the Talamanca (Morell et al., 2012). Recently, several authors have 
converged on the conclusion that Cocos Ridge subduction initiated sometime after 3 Ma, and that 
deformation of the extinct arc driven ~2 km of rock uplift in this time (Morell et al., 2012; Zeumann 
and Hampel, 2017).  
Several studies have attempted to link the erosional history of the Talamanca Range to the 
onset of Cocos Ridge subduction (Morell et al., 2012; Zeumann and Hampel, 2017). Significant 
disequilibrium observed in Talamanca river networks is thought to record a switch to an (ongoing) 
higher rate of rock uplift during the last 3 Myr. Zones of anomalously low-relief topography found 
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at moderately high elevations (between 2000-3000 m), which are thought to represent an eroded 
surface that has been advected to its present-day elevation, have been cited as further evidence of 
a Plio-Pleistocene switch in rock uplift rate (Morell et al., 2012). Importantly, this prior work has 
excluded glacial erosion as a factor in the long-term evolution of the mountain range. The work 
here does not directly address the interpretation that low-relief landscapes found between 2000-
3000 m elevation are part of an uplifted, eroded landscape, and neither do the results presented 
contradict the claim that a major shift in the rate of rock uplift has occurred recently in the 
Talamanca.  
The highest landscape of the Talamanca Range is the Chirripó massif, a low-relief terrain 
spanning an area of ~75 km2, perched above ~3000 m above sea-level, and surrounded by rugged, 
high-relief, ridge-and-valley, fluvially-driven topography. Glacial landforms—such as lateral 
moraines, glacially striated bedrock, roches moutonnées, over-deepened lakes, cirques and U-
shaped valleys—were first reported on Chirripó in the 1950s and have been studied episodically 
since then (Weyl, 1955; Barquero and Ellenberg, 1986; Bergoeing, 1978; Hastenrath, 1973; 
Shimizu, 1992; Lachniet and Seltzer, 2002; Orvis and Horn, 2000). The most prominent cirques 
cut into the Cerro Chirripó peak, but smaller cirques are also scattered around the massif, which 
lead into U-shaped valleys. Lateral moraines have been mapped at elevations as low as ~3150 m 
and as high as 3450 m in Valle de las Morrenas and Valle Talari, and hummocky recessional 
moraines can be found on cirque floors as high as 3500 m.  
Orvis and Horn (2000) provided the first rigorous ELA estimate during the period of maximum 
ice extent at Chirripó. They suggested an ELA of ~3500 m, based on standard ice surface 
reconstruction and a combination of mass balance ratio (BR) and accumulation area ratio (AAR) 
methods. This estimate corroborates earlier estimates by Weyl (1955) and Hastenrath (1973), who 
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also suggested an ELA of 3500 m based on the elevation of cirque floors. Lachniet and Seltzer 
(2002) independently estimated a similar ELA using both AAR methods and the maximum 
elevation of lateral moraines. Although multiple authors have converged on a consistent ELA 
estimate using a variety of methods, the only age constraints for glacial timing available have been 
minimum-limiting bulk 14C dating of organic material in postglacial lakes (Orvis and Horn, 2000). 
Today, Costa Rica contains no glaciers, and snow has never been reported even at the highest 
elevations. Prior studies also inferred a lack of glacial activity during the Holocene.  
Several low-relief landscapes with peak elevations just below the estimated LGM ELA of 3500 
m are scattered throughout the entire length of the Talamanca Range. These include Cerro Amó 
(3450 m), Cerro Ena (3126 m), Cerro Kamuk (3549 m), Cerro Fabrega (in Panama, 3335 m) and 
Cerro de la Muerte (3475 m). These small landscapes are distinct from the low-relief landscape 
identified by Morell et al. (2012), who focused on larger perched landscapes between 2000 and 
2500 m. Various authors have described glacial landforms in some of these landscapes, particularly 
Cerro de la Muerte (Weyl, 1955; Lachniet and Seltezer, 2002; Bergoeing, 2011; Castillo-Muñoz, 
2012), where Lachniet and Seltzer (2002) reported “grooved” (glacially-polished) bedrock. No 
definitive proof of glacial erosion, such as clear moraines or surface exposure ages, have been 
published for any of these locations. They also lack the clear glacial landforms that are evident in 
satellite imagery and air photographs of Cerro Chirripó. However, each of these landscapes is very 
close (if not slightly above) the LGM ELA of 3500 m, and their low-gradient topography contrasts 
sharply with the steep, fluvial valleys flanking them. 
2.4.2 Central Range, Taiwan 
Rock uplift in the Central Range of Taiwan is the driven by the oblique collision of the Luzon 
Arc and Eurasia. The range is comprised of metamorphosed marine sediments and pre-Cenozoic 
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basement (Suppe, 1981). Due to the oblique nature of collision, it is thought that deformation has 
propagated from north to south for 5-7 Ma (Byrne and Liu, 2002). The northern 150 km of the 
Central Range have long been considered a type example of a fluvially-driven, steady state 
mountain belt (Willett and Brandon, 2002; Stolar et al., 2007). Recent work has countered this 
idea by proposing that a rapid increase in exhumation rate occurred along the entire strike of the 
range starting between 1-2 Ma (Hsu et al., 2016). Low-relief surfaces found at high elevations 
(2800-3000 m) in Taiwan are thought to be remnants of an eroded surface formed sometime prior 
to 1-2 Ma (Ouimet et al, 2015).  
Despite contemporary skepticism that glacial erosion has affected Taiwan, evidence of 
glaciation in the Central Range has a long and well-established history, with the first observations 
dating back to the early 20th century (Kano, 1932; Kano, 1935; Panzer, 1935). Several groups have 
reported glacial remnants near the highest peaks of Taiwan’s Central Range (Chu et al., 2000; Cui 
et al., 2002; Hebenstreit and Böse, 2003; Böse, 2004; Hebenstreit et al., 2006; Ono et al., 2005; 
Carcaillet et al., 2007; Siame et al., 2007; Hebenstreit et al., 2011) which lie within ~500 m of the 
estimated LGM ELA of ~3400 m (Hebenstreit et al., 2011). Glacial erosion features have been 
reported in three separate massifs, including Nanhudashan (also romanized as Nanhutashan; 
rendered as Nankotaisan in Japanese by Kano; Hebenstreit and Böse, 2006; Carcaillet  et al., 2007; 
Siame et al., 2007; Hebenstreit et al., 2011), Xueshan (also romanized as Sheshan, Hsueshan, 
Hsuehshan, etc.; rendered as Tsugitakayama in the early literature; Cui et al., 2002) and Yushan 
(rendered in Japanese as Niitakayama in the early literature; Böse, 2004; Hebenstreit, 2006). The 
best preserved of these remnants are found at Nanhudashan and Xueshan, and include recessional 
moraines, polished (striated) bedrock, erratics, and cirques (Cui et al., 2002; Hebenstreit and Böse, 
2004; Siame et al., 2007). Carcaillet et al. (2007), Siame et al. (2007), and Hebenstreit et al. (2011) 
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carried out 10Be analysis of scoured bedrock and boulders perched on moraines at Nanhudashan 
and found relatively young (15-9 ka) glacier retreat ages. At Xueshan, Cui et al. (2002) sampled 
moraines between 3300-3500 m for optically stimulated luminescence (OSL) and reported 
exposure ages of 14-44 ka. The timing of the local LGM is thus rather uncertain in Taiwan, and 
taken at face value, glacial ice may have persisted in some places as late as the Holocene. 
Using the relict configuration of glaciated valleys, Hebenstreit (2006) estimated an ELA of 
3355 m at Nanhudashan, specifically employing the terminal-to-summit altitudinal method 
(TSAM). Hebenstreit (2006) also used TSAM to estimate an undated ELA of 3400 m at Yushan, 
a third glaciated massif in southwest Taiwan. Other work has used the maximum vertical extent 
of lateral moraines in both Xueshan (Cui et al., 2002) and at Yushan (Böse, 2004) to propose an 
ELA of ~3400 m. 
2.5 Methods 
2.5.1 Assessment of glacial and post-glacial morphology 
I compiled observations made during field campaigns at Cerro Chirripó (in 2014, 2016) and 
Nanhudashan (in 2015), satellite/aerial imagery, and evidence presented by previous workers to 
map glacial landforms and estimate maximum ice extent in both the Talamanca Range and Central 
Range. Unambiguous glacial landscapes are only present at Cerro Chirripó in the Talamanca 
Range, and in Taiwan, glacial remnants are best preserved at Nanhudashan. I primarily focused on 
these two massifs. I then selected glaciated catchments from Cerro Chirripó and Nanhudashan to 
compare glacial geomorphic mapping with detailed hypsometric analysis. Glacial expansions 
during the LGM in both areas terminated near 3000 m, so for ease of comparison all glaciated 
catchments were extracted and delineated (in a GIS) using a common 3000 m outlet elevation. 
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I next sought to characterize the relationship between glacial valleys at Cerro Chirripó and 
Nanhudashan and the fluvial landscapes that flank them. Glacial valleys in both places tend to 
have a lower topographic gradient than the fluvial valleys flanking them, and the very presence of 
well-preserved glacial landforms, such as sharp-crested moraines, together with the apparent 
absence of Holocene landsliding, indicates that post-glacial erosion has been slow at both Cerro 
Chirripó and Nanhudashan. In contrast, signs of relatively fast erosion, such as frequent 
landsliding, are apparent in the surrounding fluvial valleys in satellite imagery and aerial 
photography, and were confirmed in the field. There have been no direct measurements of erosion 
rate in these fluvial catchments, but it is thought that a fluvial erosion rate of ~1 mmyr-1 has been 
sustained in parts of Costa Rica for >2 Myr (Morrell, et al., 2012) and that fluvial erosion rates 
range from 1-3 mmyr-1 to 4-5 mmyr-1 throughout the Taiwan Central Range. The boundary 
between the fluvial and glacial domains in these landscapes usually gives rise to an erosion front, 
that is, a pronounced topographic break between the slowly eroding, relatively low-sloping glacial 
valleys and steep, quickly eroding fluvial valleys (Fig. 2.2). I mapped the erosion fronts in both 
places. Mapping was guided by sharp changes in slope, as well as by the abrupt disappearance of 
glacial deposits and the transition to non-glaciated bedrock cliff faces (Fig. 2.2). Delineation of 
erosion fronts was qualitative and subjective, since no objective metrics are available for 
distinguishing perched glaciated valleys from headward-propagating fluvial valleys. Fluvial-based 
metrics, such as normalized channel steepness, are not particularly useful for these purposes, since 
the effects of significant glaciation have altered the landscape in such a way that these metrics 
would be difficult to interpret.  
To guide the qualitative assessment, I developed a protocol. First, I used a binary slope map 
(with a threshold of 35°) to identify places where low-sloping glacial valley floors made a hard 
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Figure 2.2: Scarp encroachment ratio (SER) calculation. (a) Aerial image of Valle de los Lagos, Chirripó, Costa 
Rica. Mapped escarpment in white. Boundary of catchment draining to 3000 m outlet in black. (b) Mapped LGM 
ice extent in light blue draped over DEM of Valle de los Lagos (same bounds as in (a)). Length scales Lc and Lg 
correspond to area below and above escarpment, respectively. SER calculation is presented in Eq. 2. (c-f): Field 
photos of mapped escarpment. Blue and red zones in d and f correspond to glaciated zone and escarpment. White 
line is the same as in (a-b). (e): Vantage point for photo c/d labeled with red arrow.    
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transition to a fluvial-linked escarpment. Where these escarpments were linked to amphitheater-
shaped heads, I mapped the entire amphitheater form; the initial roughness of erosion front 
boundaries was thus set by the 30 m resolution DEM and not by the sub-meter resolution imagery. 
Next, I used a combination of satellite imagery and air photographs to check that all mapped 
erosion fronts coincided with the disappearance of glacial features, or with clear signs of ongoing 
erosion such as multiple, recent landslide scars. Finally, I excluded mapped zones that appear to 
be related to isolated events, such as single landslide scars that are not unambiguously linked to 
the ongoing propagation of the fluvial network into glaciated terrain.  
To quantitatively describe the pattern of fluvial scarp encroachment into glaciated terrain, I 
define two new metrics (Cunningham et al., 2019). The first, which I term the ELA-Relative Modal 
Elevation (ERME), measures the difference between hypsometric maxima of glaciated catchments 
and the estimated LGM ELA. At both Cerro Chirripó and Nanhudashan, this metric is calculated 
using the local estimate of the LGM ELA. Both massifs are small enough that large climatic 
gradients are not likely to drive substantial differences in the position of the ELA, as has been 
documented in much larger tropical mountain ranges (Prentice et al., 2005; Stansell et al., 2007). 
I hypothesized that the duration and intensity of glacial erosion in all glaciated catchments was 
similar during the LGM, and that glacial erosion would thus leave a characteristic modal elevation 
at the ELA in all glaciated catchments. I further hypothesize that fluvial scarp encroachment of 
glaciated terrain would bias hypsometric maxima at the ELA to higher elevations.  
  The second metric, which I call the Scarp Encroachment Ratio (SER), is an approximation of 
the headward distance traveled by the fluvial escarpment into each glaciated catchment (Fig. 2.2). 
This distance is expressed as a ratio of scarp-affected terrain to all terrain in glaciated catchments. 
In each glaciated catchment, I found the area below and above the escarpment, Ac and Ag, 
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respectively, and calculated a corresponding length scale for each: Lc and Lg. SER is the relative 
length scale: 
                                                                                                                               (1) 
At its core, SER is a quantification of the qualitative observation that fluvial erosion encroaches 
(destroys) glaciated terrain. At peak glacial conditions, both glacial and fluvial erosion would have 
been ineffective near the glacial terminus, since glacial erosion converges towards zero near this 
elevation and simultaneously blocks fluvial incision. To measure the elevation gain of the post-
glacial scarp, I assume each scarp originated near the LGM glacial terminus. I thus choose to 
compare SER in glaciated catchments above the 3000 m benchmark.   
2.5.2 Surface-exposure age dating  
I collected six samples for 10Be exposure dating from boulders embedded in both lateral and 
frontal recessional moraines at 3400–3500 m elevation in Valle de las Morrenas and Valle Talari, 
two samples from scoured bedrock within ~15 m of the Chirripó summit, and one sample from a 
landslide boulder sourced from a cirque headwall (Fig. 2.3). In Valle de las Morrenas, boulders 
were all diorite. The single boulder sampled in Valle Talari was a quartz-bearing andesite. 
Boulders ranged in height from 0.5 to 1 meters. Processing at Lamont-Doherty Earth Observatory 
(LDEO) and measurement at Lawrence Livermore National Laboratory followed standard 
procedures (e.g., Schaefer et al., 2009), and 10Be ages were calculated with the CRONUS-Earth 
online calculator (Balco et al., 2008) v.2.2, using a low latitude, high elevation production rate 
obtained in Peru by Kelly et al. (2013) and the scaling scheme of Lal (1991) and Stone (2009) 
(Tables 2.1-2.2). All 10Be ages were presented in Cunningham et al. (2019). 
SER = LcLc + Lg
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I also visited several of the perched, low-relief landscapes between 3000 m and the LGM ELA 
at 3500 m in the Talamanca Range, including Cerro Amó, Cerra Ena, and Cerro de la Muerte. 
These sites were selected specifically on the basis of accessibility (Cerro Kamuk and Cerro 
Fabrega are much more remote than the other landscapes). These are strange landscapes. They lie 
tantalizingly close to the LGM ELA but lack clear glacial landforms of any kind: they are bedrock 
floored, and are scattered with large (>3 m tall) boulders. Sample collection for 3He cosmogenic 
exposure analysis was experimental. I collected rock samples from exposed bedrock and boulder 
Figure 2.3: 10Be sample locations for Cerro Chirripó. (a-e) Boulders (diorite) perched on recessional moraines 
in Valle de las Morrenas. (f) Boulder (andesite with quartz veins) perched on lateral moraine in Valle Talari. (g) 
Post-glacial landslide boulder. (h-i) Scoured bedrock along divide separating Valle de las Morrenas from Valle 
de los Lagos.   
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surfaces between 3100 and 3400 m, even though they were not associated with any clear glacial 
landform. The two boulder samples were approximately one meter in height. The motivation for 
collecting these samples was that they would provide a minimum age for exposure, assuming 
erosion took place by glaciers at some point in the past (before the LGM), or by other erosive 
processes, and place a bounding limit on the exposure age of the surface overall. As the samples 
were andesitic lithology, 3He was the ideal chronometer to be used. Samples were processed at 
LDEO following standard procedures (Schaefer et al., 2016) and analyzed for cosmogenic 3He at 
the LDEO Noble Gas Lab. 3He exposure ages were calculated using the CRONUS-Earth online 
calculator (Balco et al., 2008) v.3.0, using the globally-determined production of Borchers et al. 
(2016) and the scaling scheme of Lal (1991) and Stone (2009) (Tables 2.3-2.4).  
2.6 Results 
2.6.1.  Focus site #1: Cerro Chirripó, Talamanca Range, Costa Rica 
Classic examples of glacial landforms are found at Cerro Chirripó (Fig. 2.4). Two valleys host 
kilometer-scale lateral moraines and most valleys are blanketed by till and recessional moraines. 
Striated bedrock is prevalent in the major valleys emanating from the Chirripó peak. Most 
glaciated catchments at Chirripó have a modal elevation within several meters of the estimated 
local LGM ELA of 3500 m (Fig. 2.7c). Two high catchments have a modal elevation that is 
somewhat higher than the local ELA. These catchments appear to be heavily modified by scarp 
encroachment (e.g., Fig. 2.2c-e). 
The 10Be ages tie the glacial Chirripó landscape to the LGM (Tables 2.1-2.2; Figs. 2.3-2.4). 
Lateral and recessional moraine boulders yielded ages between 18.3 ± 0.5 ka and 16.9 ± 0.5 ka. In 
Valle de las Morrenas, these are consistently younger with increasing proximity to the cirque 
headwall. Near the Chirripó summit, a bedrock surface gave an age of 22.0 ± 0.7 ka. This age may 
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reflect thinning of glacial ice that overtopped this rock surface prior to ~18 ka (if there is no 
inherited 10Be in the sample). A landslide boulder sourced from a cirque headwall and deposited 
above moraines gave an age of 15.2 ± 0.5 ka. Rock avalanches and landslides sourced from steep 
valley headwalls are a common feature in most post-glacial landscapes (Ballantyne, 2002; McColl, 
2012; Ballantyne, 2013). The fact that such deposits are not advected down-valley by flowing ice 
provides a useful constraint on the onset of post-glacial conditions. The other bedrock sample 
yielded an age of 8.9 ± 0.4 ka. I infer that this surface has a substantially younger exposure age 
than the LGM due to burial by soil or sediment. 
Exposure ages at Cerro Amó and Cerro Ena are scattered, and range from 30 ka to 110 ka 
(Tables 2.3-2.4; Fig. 2.5). These ages confirm that LGM ice-driven erosion was not effective at 
these two sites during the LGM. Given that Cerro Amó has peaks as high as 3450 m, these 
landscapes help, as well, to constrain the position of the ELA in Costa Rica to above 3400 m. I 
present 3He data in the form of exposure ages (Fig. 2.5) in order to compare these landscapes to 
the ages on the glacial landscape at Cerro Chirripó. The landscapes and 3He analyses at Cerro Amó 
and Cerro Ena are difficult to interpret, but it is clear that these surfaces were not modified by 
glacial erosion during the LGM (Fig. 2.5). 
2.6.2. Focus site #2: Nanhudashan, Central Range, Taiwan 
      Glacial landforms are not preserved as clearly at Nanhudashan (Fig. 2.6) as they are at Chirripó, 
although scoured bedrock and recessional moraines have been mapped and dated to the Last 
Glacial (Siame et al. 2007; Hebenstreit et al., 2011). Perhaps the most striking feature of the glacial 
landscape at Nanhudashan is its asymmetry. The southeastern glacial valley of Nanhudashan is 
about 2 km long and has the best preserved glacial remnants (Siame et al., 2007). A small plateau 
that fed north- flowing glacial ice has been largely removed by scarp encroachment from the south-
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west. Recessional moraines in the northwestern glacial valley disappear abruptly below an erosion 
front just below 3400 m. In the southwest, almost no glacial remnants remain. Glaciated 
catchments at Nanhudashan have a modal elevation at or above the estimated LGM ELA of 
3400 m. In the best preserved glacial valley (southeast), the modal elevation is within 35 m of the 
ELA (Fig. 2.7d). The modal elevation of the other two glaciated catchments are more than 100 m 
above the estimated LGM. 
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Figure 2.6: Simplified Nanhudashan glacial geomorphology. (a) Satellite image of Nanhudashan. (b) Simplified 
glacial geomorphic map of Nanhudashan. Heavy blue line is contour of estimated LGM ELA at 3400 m. Contour 
interval is 100 m. (c) SRTM DEM (green through red). Light blue is mapped ice extent. White lines are 
escarpments and white arrows indicate direction of scarp encroachment. (d-g) Field photos of mapped 
escarpments. Blue and red zones in e and g correspond to glaciated zone and escarpment. Vantage point for photo 
d/f labeled with red arrow in c.    
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2.6.3. Comparison of focus site landscapes 
      ERME and SER reveal similar patterns of glacial erosion and scarp encroachment at Chirripó 
and Nanhudashan, only scarp encroachment is more advanced at Nanhudashan (Fig. 2.8). Of the 
three glacial catchments at Nanhudashan, two show greater scarp encroachment than any at 
Chirripó, a pattern reflected in their ERME and SER values. The escarpments propagating into 
glacially eroded terrain at Nanhudashan, some of which were mapped in previous studies (e.g., 
Hebenstreit et al., 2006; Willett et al., 2014), are particularly spectacular. When combined, our 
observations at Chirripó and Nanhudashan capture a continuum of scarp encroachment into 
glacially eroded landscapes and the alteration of glacial-type hypsometry.  
2.7 Discussion 
2.7.1 Glacial erosion in tropical mountains 
 The most important finding presented in this chapter is that glacial erosion has been effective 
even in the most marginally glaciated landscapes in the tropics. Regardless of the question of 
whether the height of these mountain ranges has been glacially limited, it is clear that glacial 
erosion proceeds in earnest once enough rock mass passes above the ELA. Evidence of this process 
is particularly clear in the Talamanca Range and Central Range precisely because so little rock 
mass is found near the cpELA: in both places, the highest peaks are less than 300 m above this 
elevation. Furthermore, landscapes above the cpELA have been clearly modified by glacial 
erosion. Classic glacial landforms, including erosive features such as U-shaped valleys, scoured 
and striated bedrock, and roches moutonnées are observed in both massifs. Depositional features, 
such as moraines, are observed below the ELA. Glacial erosion features in Cerro Chirripó are 
particular striking, where several valleys are characterized by overdeepenings of up to at least 20 
m depth (Glocke et al., 1981). The new 10Be data document that retreat and lateral moraines  
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Figure 2.7:  Glacial valley hypsometry at Chirripó and Nanhudashan. (a-b) DEM (green through red, same 
color ramp as Figs. 2.4 and 2.6) of Cerro Chirripó and Nanhudashan with LGM ice extent (blue) and post-glacial 
scarp (white). ELA contour is dark blue. Steep slopes (>30°) in black. Numbered valleys correspond with black 
catchment outlines. (c-d) Hypsometry for catchments labeled in (a-b).  
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which floor multiple valleys are dated to the global LGM. That is, the new data show the last 
cpELA coincided with the global LGM. Compared to the deeply incised glacial valleys of mid-
latitude mountain ranges such as the European and Southern Alps or the northern Cascades, the 
glacial landscapes at Nanhudashan and Cerro Chirripó are perhaps unremarkable. The fact that 
these landscapes have just barely passed the threshold for LGM glacial erosion, however, adds 
important context: glacial sculpting of the landscape must progress rather efficiently.  
 Non-glacial landscapes flanking Cerro Chirripó further support the hypothesis that glacial 
erosion reshapes the landscape quickly. The landscapes of Cerro Amó and Cerro Ena at 3400 and 
3200 meters elevation, respectively, are deeply weathered, and minimum 3He exposure ages of 
boulders and bedrock are pre-LGM, between 30-110 ka. These exposure ages are difficult to 
interpret in a general sense, since no clear landforms (such as moraines) are present among them. 
However, these pre-LGM exposure ages do indicate that these landscapes were spared significant 
ice-driven erosion during the LGM, despite their close proximity to the LGM ELA (Cerro Amó 
sits almost entirely above 3300 m). Moreover, the data do provide minimum ages for exposure; no 
landscape here is much older than ~100,000 years.  
2.7.2 Hypsometry of glacially eroded valleys at Cerro Chirripó and Nanhudashan 
Viewed through the lens of mountain range-scale hypsometric analysis, the Talamanca Range 
and the Central Range of Taiwan both appear largely unaffected by glacial erosion, that is, in terms 
of total areal extent at present. Whereas mid-latitude mountain belts often have a modal elevation 
within the span of Late Pleistocene ELA fluctuation, modal elevations in the tile hypsometry of 
both places are more than 1 km below the cpELA (Fig. 2.1c-d). This result is perhaps unsurprising, 
given that both Cerro Chirripó and Nanhudashan are relatively isolated massifs that are surrounded 
by a sea of rugged, ridge-and-valley topography below the cpELA. Even so, the classic 
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topographic signature of glacial erosion emerges within these isolated massifs: specifically, the 
glaciated catchments have a well-developed modal elevation at the cpELA. 
Prior work has described the correlation between landscape modal elevation and glacial 
erosion purely in terms of topographic gradient (Egholm et al., 2009). But, analysis of hypsometry 
on the catchment scale, as done here, offers a more nuanced and revealing perspective on the origin 
of this correlation. The modal elevation observed near the cpELA in each glaciated catchment 
arises from a coupling between the pattern of glacial erosion and catchment geometry. The ELA 
marks a position on the glacier surface where ice flow converges, and subglacial erosion is focused 
along a single trunk. In contrast, scouring of the valley floor above the ELA, in the accumulation 
zone, widens cirque valleys and steepens headwalls above the ice surface (Oskin and Burbank, 
2005). On the postglacial landscape, the ELA contour sits at the transition from the wide, steep 
headwall of cirques to the narrow trunk valley of the paleo-ablation zone. The low-gradient terrain 
of the cirque floor does elongate the ELA contour that passes through it, but I observe that it is 
ultimately the geometry of glacial erosion that elongates the ELA contour relative to the contours 
above and below it.  
 The modal elevation at the cpELA thus appears to originate in a catchment geometry imposed 
by the pattern of glacial erosion that is more complicated than a simple flattening of the landscape. 
The implication of this observation is important: if the glacial landscapes at both Cerro Chirripó 
and Nanhudashan originated as low-gradient, perched terrains, it is not necessarily appropriate to 
pose the correlation between modal elevation and the ELA in these landscapes as a matter of pure 
coincidence. Glacial erosion did take place in these landscapes, and its affect has been recorded in 
the geometry of catchments flanking each massif, regardless of their pre-glacial origin. 
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Glacial erosion has been discounted as a height-limiting mechanism in these low latitude 
mountain ranges because of the small scale of glacial landscapes relative to fluvial landscapes 
(Egholm et al., 2009). The observations presented here raise a question about the issue of scale: 
how large do glacial landscapes need to be for a mountain range to be considered glacially-limited? 
This issue is apparently deeper than the question of areal extent of glacial landscapes relative to 
fluvial landscapes: it is instead a question of the geometrical arrangement of catchments, and 
whether this arrangement changes at the cpELA. The observation that fluvially-driven scarp 
encroachment attacks glacial landscapes in these environments, as discussed in the next section, 
further complicates the question of how to interpret glacial limitation, particularly in terms of areal 
extent of glacial landscapes.   
2.7.3 Scarp encroachment and glacio-fluvial limitation 
Several glacial valleys, particularly those in Taiwan, appear to have lost substantial area to 
fluvial scarp encroachment since the end of the LGM. The evidence of this phenomenon is both 
qualitative and quantitative. First, glacial landscapes in both places tend to be bounded by steep 
slopes prone to bedrock landsliding—a pattern that is particularly evident in Nanhudashan, where 
large landslide scars are found along every flank of the massif (Fig. 2.6). Landsliding appears less 
severe along the flanks of Cerro Chirripó, but coalescing landslide scars below the mapped erosion 
fronts are apparent in aerial imagery below Valle de los Lagos and Valle Truncado.  
The second line of evidence is the relationship between the scarp encroachment ratio (SER) 
and the position of the modal elevation (ERME) in each glaciated valley. ERME is simply a 
measure of the separation between the modal elevation contour and the ELA. The hypothesis is 
that the modal elevation will shift to higher elevations as glaciated terrain is removed from below 
by fluvial scarp encroachment. SER is a way to estimate the severity of such scarp encroachment. 
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Within the glaciated catchment, fluvial scarp encroachment can be thought of as a removal of the 
ELA contour. As fluvial erosion propagates headward, hillslopes are steepened and eventually 
lowered through bedrock landsliding. This process results in the modal elevation contour “rising” 
through the landscape, as fluvial incision pushes headward and lowers the floors of glacial valleys. 
Within the small subcatchments delineated above 3000 m, however, the ELA contour is 
progressively removed, and the longest contour of the catchment shifts higher in the paleo-
accumulation zone (examples of catchments subject to this process include Valle de los Lagos, 
Fig. 2.7a7, and northwest Nanhudashan, Fig. 2.7b2). I propose that the observed positive 
relationship between SER and ERME arises from the removal of the ELA elevation contour and 
the consequential focusing of the modal elevation higher in the glaciated catchment.  
The degree to which scarp erosion has removed glacial landscapes and the rate at which it can 
conceivably do so are unknowns. However, in the case of Nanhudashan, it appears likely that 
glacial landscapes can be removed within the relatively long (~100 kyr) period of Late Pleistocene 
glacial-interglacial cycles. It may even be considered lucky that glacial landscapes still remain for 
Figure 2.8: ELA-Relative Modal 
Elevation (ERME) and Scarp 
Encroachment Ratio (SER): Each 
catchment at Chirripó (blue) and 
Nanhudashan (green) (names found in 
Fig. 2.7). Kendall’s tau (0.73) reported 
for entire data set. One-tailed 
significance test yields a p-value of 
0.005. 
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us to observe in Taiwan. Had the evolution of human society progressed more slowly, say by 10-
20 kyr, there may have been no direct evidence of glaciation in Taiwan left at all. The combination 
of the shared peak elevations between those two mountain ranges, the evidence of effective glacial 
erosion of their highest landscapes, and the apparent destruction of these glacial landscapes allow 
for three basic scenarios of landscape evolution: 
(i) Fluvial limitation at cpELA with glacial ornamentation: each mountain range is close 
to a fluvially-limited, steady state elevation. Transient landscapes of unspecified origin 
periodically reach the cpELA, and are briefly occupied by geomorphically ineffective 
glaciers. Scarp encroachment of glaciated terrain is incidental. 
(ii) Glacio-fluvial limitation: an unspecified volume of rock mass has been advected through 
the cpELA, and glacial erosion and fluvially-driven scarp encroachment have been 
sufficient to remove it, thus limiting mountain height to the cpELA (Fig. 2.9). 
(iii) Fluvial limitation at a higher elevation: both ranges are in a state of transience and will 
continue to grow and steepen until fluvial-limitation is achieved far above the cpELA.  
The question of which scenario best describes the Talamanca Range and Central Range hinges on 
whether glaciations have been a rare (or even isolated) occurrence in these places. However, if 
Figure 2.9: Schematic of glacio-fluvial limitation. (a) ELA acts as a perched base-level. Glacial erosion expands 
terrain near the ELA. Glacial erosion slows to zero in the ablation zone, and blocks fluvial incision. Below 
glacier terminus, fluvial incision continues. (b) Escarpments below glaciated landscapes drive headward and 
remove glaciated terrain during interglacials (IG). 
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glacial erosion has played only a negligible role in limiting the height of these ranges, there are a 
few remarkable coincidences that also must be true: either both the Talamanca Range and Central 
Range have been independently limited to the tropical cpELA by non-glacial processes or both are 
in a state of transience, and we have observed them passing through the cpELA by chance.  
2.7.4 Tropical glacier recession during Heinrich Stadial 1 
Much of our present understanding of the signature of glacial cycles comes from middle and 
high-latitude records, and current hypotheses for the mechanisms that drove the last termination 
tend to focus on higher-latitude processes, with the tropics playing only a passive role (e.g., Denton 
et al., 2010; Clark et al., 2012; Broecker, 2013). There is a need to reconcile major warming in the 
tropics with our present understanding of the drivers of the last termination. Since CLIMAP 
(1981), it is has become increasingly clear that tropical cooling during the LGM was on the order 
of 4-6°C, commensurate with an 800-1000 m lowering of the ELA (e.g., Broecker and Denton, 
1989; Stute, et al., 1995; Kelly et al., 2014; Bromley et al., 2016), at least at high elevations (Tripati 
et al., 2014; Loomis et al., 2017). Precise chronologies based on state-of-the-art cosmogenic 
nuclide analysis are becoming more prevalent, most notably in the Rwenzori Mountains (Kelly et 
al., 2014), the Peruvian Andes (Bromley et al., 2016), and the Mérida Andes (Wesnousky et al., 
2012; Carcaillet et al., 2013), and now in Costa Rica (this chapter; Cunningham et al. 2019). In all 
of these places, glaciers reached their maximum extents sometime between 23-18.5 ka and then 
underwent major retreat during Heinrich Stadial 1, between 18.5-16 ka. These data indicate that 
tropical glaciers retreated prior to the substantial rise in atmospheric CO2 (Marcott et al., 2014) 
that is thought to have locked the planet in an interglacial mode after 17.5 ka (Denton et al., 2010). 
The pilot 10Be data presented here offer further support for the hypothesis that the tropics 
warmed synchronously with the Southern Hemisphere during the last termination, and that full 
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deglaciation of Cerro Chirripó was complete by ~15 ka. I did not process samples collected (in 
2016) from lateral moraines associated with the maximum ice extent at Cerro Chirripó, so the 
oldest dated ground moraine, at 18.3 ka, is likely indicative of ongoing ice retreat at this time. 
These data further indicate that most of the glacier in Valle de las Morrenas had disappeared by 
16.9 ka. 
Potter et al. (2019) recently published a large bulk-36Cl exposure age data set of Cerro Chirripó, 
which broadly confirms that maximum ice extent was achieved at 25-23 ka. Their exposure ages 
of ground moraines in Valle de las Morrenas are consistently younger than the 10Be exposure ages 
presented here. They argue that the final phase of ice retreat at Cerro Chirripó was not complete 
until after 12 ka, rather later than the 10Be ages of ~17 ka (Fig. 2.4). The discrepancies between 
Potter et al. (2019) and the pilot 10Be data set are worth resolving. A more complete 10Be record 
from Cerro Chirripó would be an important contribution toward this end, and would help confirm 
how Central America fit in the tropics-wide pattern of glacial retreat during the last termination.  
2.8 Conclusions 
I summary, the arguments presented here are a call to attention: glacial erosion has not been 
considered a factor in limiting the height of tropical mountains, but perhaps it should. The 
concordance of mountain range elevation in the tectonically separate Talamanca Range and 
Central Range of Taiwan, the evidence of glacial erosion in their highest landscapes, and the low 
preservation potential of these glacial landscapes all point to the possibility that glacial erosion 
imposes a cap on tropical mountain growth. This is a new idea: prior work has either not considered 
the possibility that tropical mountains could be glacially limited (Egholm et al., 2009) or 
discounted the possibility that it could (Herman et al., 2013).  
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A much broader context is needed to address the question of whether glacial erosion could 
limit tropical mountain height. Specifically, out of this analysis, I draw two fundamental questions 
that should be addressed: 
(i) What is an appropriate spatial scale for interpreting the landscape modal elevation? 
The landscape modal elevation observed on both the large scale (Egholm et al., 2009) 
and the catchment scale (Brocklehurst and Whipple, 2004) has been cast in terms of 
topographic gradient, but there has been no systematic exploration of how the modal 
elevation varies as a function of landscape scale, or even what geomorphic feature this 
metric identifies. Are the modal elevations that match the ELA at both Cerro Chirripó 
and Nanhudashan statistical accidents (Fig. 2.7), or do they faithfully record 
geomorphic process? In this chapter, I have proposed that the modal elevation of glacial 
landscapes arises from the geometry of glacial erosion. 
(ii) How does mountain height vary with respect to the ELA around the tropics? I have 
chosen to focus my analysis on the Talamanca Range and Central Range of Taiwan 
because they are (sub)tropical mountain ranges that are subject to rapid rock uplift and 
powerful fluvial erosion, and are thus good candidates for fluvial limitation. 
Furthermore, no prior work had considered the role of glacial erosion on the landscape 
evolution of these two mountain ranges. Are the glacial landforms of both the Central 
Range of Taiwan and the Talamanca Range representative of the pattern of glacial 
erosion in other tropical mountains? Do tropical mountains often break through the 
ELA? Or, are they more commonly limited by strong fluvial erosion rather below the 
glacial limit, as suggested by the analysis of Egholm et al. (2009)? 
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These two questions motivate the remainder of this thesis. In the next chapter, I explore how the 
position of the landscape modal elevation varies with spatial scale. Much like the conclusions 
drawn here, I find that the position of the modal elevation is governed by catchment geometry, and 
controls on the relief structure of catchments. In Chapter 4, I use these findings to compare the 
topographic structure of mountain ranges around the tropics and assess the degree to which they 
have been affected by glacial erosion, that is, in a worldwide view. 
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† Most of the results presented in this chapter were published in Earth Surface Dynamics with co-authors Colin P. 
Stark, Michael R. Kaplan, and Joerg M. Schaefer (Cunningham et al., 2019). 
Chapter 3: Scales of relief and signs of catchment reorganization 















Most common elevation of the landscape. The modal elevation can 
also be thought of the contour that covers the must area, which is set 
by the contour length and spacing between adjacent contours. 
 
Supercatchment 
A catchment that spans from the main drainage divide of a mountain 
range to a low-elevation reference, which is near base level. These 
are approximately the largest catchments of a mountain range. 
 
PH channel chain 
A string of pixels that lie along the path of a river channel. Pixels 
spaced at a constant vertical interval are used to delineate 
subcatchments.  
A_c Minimum accumulation area required to delineate channel.  
 
PHB 
Progressive Hypsometric Bench: a set of nested subcatchments 
which share a common modal elevation. For a rising outlet elevation, 
catchment modal elevation is constant.  
h_bench The modal elevation that is shared across nested subcatchments in a PHB.  
h_change Lowest subcatchment outlet elevation for a PHB. 
 
∆h 
Difference between h_bench and h_change: relief between modal 
elevation and lowest elevation on the channel network at which that 
modal elevation is observed. Each PHB has a ∆h.  
∆h distribution Probability density function (PDF) of ∆h for every PHB in a 
supercatchment. The ∆h distribution is usually bimodal.  
Small-scale ∆h ∆h associated with the lower mode of the ∆h PDF. Interpreted as a measure of valley relief.  
Large-scale ∆h ∆h associated with the higher mode of the ∆h PDF. 
Interpreted as a measure of overall catchment relief.  
Threshold relief A topographic relief (within an unspecified but large spatial area) which is controlled by landscape-scale material strength. The 
maximum local relief (Montgomery and Brandon, 2002).  
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Catchments are the building blocks of landscapes. Research during the last several decades has 
often assumed that catchments rapidly self-organize during the early phases of mountain building, 
and that their geometrical arrangement in the landscape remains invariant through time. This 
assumption has not been explicitly tested. Here I develop a method of hypsometric analysis, termed 
Progressive Hypsometry (PH), that (i) identifies the topographic signal of self-similar catchment 
organization, and (ii) identifies catchments in a phase of rearrangement, which deviate from the 
dominant pattern of catchment geometry. Because catchments are convergent features, their 
hypsometry (frequency distribution of elevation) is a function of their relief, such that the 
catchment hypsometric maximum (modal elevation) occurs along the locally-bounding valley 
walls. The method presented here finds change points in the upstream modal elevation by 
calculating the hypsometry of nested subcatchments, progressively delineated in the upstream 
direction. Two relief scales emerge from analyses of steep, bedrock landscapes: the valley relief 
(which includes hillslope and debris flow channel relief, 250 m to <1000 m) and the catchment 
relief (1000 m to ~1500 m). When catchments are everywhere nested in a self-similar manner, 
these two scales are spatially invariant. However, PH analysis also identifies isolated 
subcatchments of dissimilar geometry in each mountain range analyzed. The dissimilar geometry 
of these isolated subcatchments appears to be linked to transient behavior, including drainage 
divide migration and stream capture. I conclude that rearrangement of catchment geometry—a 
phenomenon long-assumed to be rare—is indeed commonplace, even in landscapes that exhibit a 
tight coupling between rock uplift and fluvial incision. 
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 3.2 Introduction 
An axiom of geomorphology is that rates and patterns of erosion are recorded in topographic 
form. Erosion is driven by a combination of tectonic and climatic forcing, it is thus theoretically 
possible to extract information about these phenomena from the landscape. A central question is 
how to abstract landscape form in a manner that can reveal both steady behavior and the erosional 
response to climatic and tectonic perturbations. In the most rapidly uplifting and eroding 
mountains, landscape-scale relief is limited by rock strength (Schmidt and Montgomery, 1995) 
and remains invariant across a large range of valley incision rates (Burbank et al., 1996; 
Montgomery and Brandon, 2002; Ouimet et al., 2009; Larsen et al., 2012). This finding has long 
cast doubt on the possibility that gross landscape morphology, and the landscape relief in 
particular, will contain any meaningful information about climatic or tectonic perturbations, at 
least in rapidly eroding environments. Instead, steady and transient patterns of erosion are usually 
assessed in the topographic properties of river networks (Whipple and Tucker, 1999; Kirby and 
Whipple, 2001; Wobus et al., 2006a).  
River channel analysis, particularly the relationship between channel slope and drainage area, 
has garnered widespread use for several reasons. First, perturbations to external base-level must 
be communicated through landscapes by incision across channel networks. Second, river networks 
can be extracted from the landscape in a relatively objective fashion, such that channel network 
delineation requires only minor assumptions (at least in steep terrain), and can be linked to the 
entire landscape through slope-area analysis. The advent of digital elevation models (DEMs) and 
their computational analysis boosted the need for such objective methods, and channel profile and 
slope-area analysis provided continuity with previously existing methods of landscape analysis. 
Finally, channel profile and slope-area analyses can be linked to the most prevalent process models 
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of landscape evolution, particularly those that assume that channel steepness scales with water and 
sediment discharge. 
Slope-area analysis is predicated on the “stream-power law” of erosion (which is a semi-
empirical law largely arising from regressions of topographic properties). In this model 
framework, erosion throughout the landscape is linked to the rate of channel incision. Channel 
incision is proposed to be a function of the energy expenditure of flow along the channel bed (e.g., 
Sklar and Dietrich, 1998), which is set by both the surface water slope (approximately bed slope) 
and the sediment and water discharge, approximated by the upstream drainage area. After asserting 
a scaling relationship between channel cross-sectional geometry and drainage area, the channel 
incision rate can be written as follows: 
!"!# = 𝐾𝐴'|∇𝑧+| + 𝑈                    (1) 
Where K is the channel incision constant, A is drainage area, m and n are positive constants, and 
U is the rate of rock uplift (standard values for the exponent m are between 0.3 and 0.6 and it is 
often assumed that n=1 (e.g., Kirby and Whipple, 2001)). Under steady state conditions, 
equilibrium channel slope, Se, should thus take the form: 
𝑆/ = 012345 𝐴675                       (2) 
At steady state, and under uniform environmental conditions, channel steepness is set by the uplift 
rate U and channel incision constant K, and Eq. 2 can be rewritten in the following form: 𝑆/ = 𝑘9𝐴675                                                                                                                                    (3) 
where ks is referred to as the channel steepness index. Many studies have used deviations in ks 
along channel networks in order to infer major changes in channel steepness, and subsequently 
infer the history of base-level forcing from those deviations (e.g., Kirby and Whipple, 2012). 
Chapter 3: Scales of relief and signs of catchment reorganization 
revealed by Progressive Hypsometry 
 
 70 
I detail this approach as a simplified example of a broad class of geomorphic analyses that 
have been widely used and assume a tight coupling between channel slope, drainage area 
geometry, and external base-level forcing. It is well known that these and similar methods 
oversimplify the landscape in several important ways. For example, variability in rock 
erodibility—the magnitude and spatial prevalence of which are often unknown—will drive 
variability in the channel incision constant K. There are also problems with assuming a strong, 
monotonic link between incision rate and sediment discharge, as it has been demonstrated that 
sediment cover can retard bedrock incision under a large range of conditions (Sklar and Dietrich, 
1998). 
Another underlying assumption is that the relationship between the geometry of the landscape 
drainage area and channel steepness are invariant in space and time. In other words, it is assumed 
that deviation in ks is driven only by variation in channel slope, and that the geometry of catchments 
is always tightly linked to the rate of channel incision. However, within the last decade it has been 
forcefully reiterated that processes acting far above channels can drive significant changes in 
catchment geometry. Demonstrations of this effect have included modeling efforts that show that 
drainage divides, the positions of which fundamentally control the geometry of catchments, 
oscillate even under steady base-level forcing (Stark, 2010). More recently, large-scale landscape 
analyses working within the stream-power erosion framework, have called attention to apparent 
signs of drainage rearrangement in mountains thought to be in (or close to) a steady state balance 
between rock uplift and erosion (Willett et al., 2014; Whipple et al., 2017). These analyses show 
that catchments compete for space at drainage divides, and go through transient phases of growth 
and decay. The question of whether rates of channel incision rapidly adjust to changes in their 
drainage area (thus preventing long-term area loss or gain through divide migration) or whether 
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the competition for space between catchments leads to a prolonged phase of drainage 
rearrangement remains debated (Whipple et al., 2016; Willett, 2016; Whipple et al., 2017). 
In summary, an emerging theme in the tectonic geomorphology literature is that localized 
processes may drive changes in catchment geometry. For example, a drainage capture event, when 
the drainage divide of one catchment is breached by another (Fig. 3.1), must perturb the slope-area 
scaling relationship of the affected catchments. Such a process should leave a transient mark on 
the landscape, particularly in catchment geometry. Yet, no existing methods can identify 
deviations in catchment form, except through inference of the slope-area scaling of channel 
networks. Even recent work that has called attention to widespread drainage rearrangement 
(Willett et al., 2014) is based on a metric derived from Eq. 1 (Perron and Royden, 2012), and infers 
catchment rearrangement from a difference in the steady state elevation of channels across 
drainage divides. An outstanding challenge is to read drainage network and catchment 
rearrangement directly from the landscape.   
 
Figure 3.1: Illustration of 
drainage reorganization, Central 
Range, Taiwan. The channel 
networks of two neighboring 
catchments are shown in blue. Red 
arrow points to a channel that is 
<100 m from its drainage divide. 
Ongoing landsliding at the 
drainage divide will likely result 
in this channel being rerouted 
along the dashed red line. White 
dashed line indicates the drainage 
area that will be transferred to the 
neighboring catchment by the 
capture event—thus inducing a 
sudden change in the geometry of 
both catchments. 
Chapter 3: Scales of relief and signs of catchment reorganization 




This chapter is thus motivated by the fact that that drainage area is segmented into catchments, 
and that no methods are available to describe the way in which catchments are organized in the 
landscape, since the most widely used methods instead focus on the way that drainage area scales 
with channel steepness. I hypothesize that drainage rearrangement will be recorded in local 
deviations in catchment geometry, so long as there is a means by which to measure this geometry 
in a simplified manner. The fundamental questions to be addressed include the following: 
1) How does catchment geometry vary in the landscape, and how can this variability be linked 
to geomorphic process? Is there evidence for drainage rearrangement in catchment 
geometry? 
2) On what basis should catchments be segmented, if we are to compare their geometry?  
To test this hypothesis, I develop a framework for describing catchment geometry and relief in a 
unified fashion. I do so by developing a method of hypsometric analysis that identifies the self-
similar nesting pattern of catchments in the landscape. Hypsometry is the probability density 
function (PDF) of elevation, and as such, it measures of the three-dimensional structure of the 
landscape. The driving idea is that reducing the landscape to a nested series of elevation PDFs and 
tracking changes in their form will reveal characteristic length scales hidden in catchment 
topography. The goals are to identify scales that characterize equilibrium catchments, and to then 
establish the extent to which catchment geometry deviates from such scales as a function of 
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3.4 Structure of chapter 
I begin with a review of hypsometry and its historical applications, and highlight its potential 
to record characteristic length scales of catchments. I then present a detailed description of a new 
method, which I term “Progressive Hypsometry” (PH). I apply PH to several natural landscapes 
in four tropical mountain ranges, where a strong link between base-level forcing and fluvial 
incision is expected. In these landscapes, two relief scales emerge, which I term the valley relief 
(small-scale ∆h) and the catchment relief (large-scale ∆h). I finally show that catchments that 
deviate from these two scales are characterized by transient processes, such as drainage divide 
migration and drainage capture, which leave a long-lived imprint on the catchment geometry. I 
conclude with a discussion of how PH analysis affords a new perspective on landscape 
organization, and the implication that catchment rearrangement appears to be a widespread 
phenomenon.  
3.5 Hypsometry 
Hypsometry refers to the frequency distribution of elevation. With normalization, it becomes 
the probability distribution of elevation (also known as the altitude-area distribution: e.g., Strahler, 
1952; Mitchell and Montgomery, 2006). It has traditionally been represented as a “hypsometric 
integral,” which is equivalent to a cumulative distribution or CDF (Strahler, 1952; Montgomery et 
al., 2001). When represented as a probability density function or PDF (e.g., Egholm et al., 2009), 
it is typically presented as a histogram. Here I follow the standard approach in modern statistics 
and instead use kernel-density estimation to compute the elevation PDF in a smooth, objective 
fashion. This method takes into account sampling (counting) uncertainty and generates a smooth 
function. Specifically, hypsometry is calculated as follows: 
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𝑝(ℎ) = 	 ?+@ ∑ 𝐾 0B6BC@ 3+DE?                                                                                                                                  (4) 
where the frequency distribution of elevation h is estimated by summing component smoothing 
functions of form K (here a Gaussian) and bandwidth w (whose value is an objective function of 
the sample standard deviation) centered at sample elevations hi. 
Hypsometry has long been used to characterize the geomorphic character of mountains. Here 
at Columbia University, Strahler (1952) pioneered its use, choosing to explore the properties of 
the elevation CDF. He attempted to link variability in the form of various hypsometric curves to 
stages of the “geomorphic cycle,” that is, the evolution from the early phases of drainage network 
development to long-lived equilibrium landscape form. This line of reasoning was dismissed for 
its simplicity after hypsometric analysis of synthetic landscapes in the late 20th century (Willgoose 
and Hancock, 1998) indicated that the hypsometric curve was actually sensitive to catchment 
geometry, and could thus not be easily linked to various stages of mountain belt development. 
Despite early recognition that the shape of the hypsometric curve was sensitive to catchment 
geometry, no effort has been put forth to link them in a systematic way. Instead, most work has 
instead deployed hypsometry on a scale much larger than individual catchments in an effort to 
assess the broad topographic form of mountain ranges (e.g., Montgomery et al., 2001). These types 
of approaches included swath methods of hypsometric analysis (e.g., Egholm et al., 2009; Sternai 
et al., 2011), where the zone of hypsometric analysis is organized into rectangular tiles, sometimes 
with the express purpose of obscuring the influence of catchment geometry (Sternai et al., 2011). 
The most direct application of hypsometry in the contemporary context has been to assess the 
influence of glacial erosion on the landscape. In a landmark paper, Brozović et al. (1997) 
demonstrated that the hypsometric maximum (the modal elevation) of large regions of the 
northwest Himalaya were similar, and closely matched the modern snowline. They concluded that 
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headward erosion by cirque glaciers lowered the topographic gradient of valleys in the vicinity of 
the ELA, and thus that low-gradient terrain exerts a first order control on the position of the 
landscape modal elevation. The interpretation posed by Brozović et al. (1997) has been widely 
echoed (Egholm et al., 2009). 
It is tempting to think of hypsometry—and the landscape modal elevation in particular—as a 
measure of the distribution of low-gradient terrain, but this need not be the case. Rather, the modal 
elevation of a landscape occurs along a contour whose combined length and thickness (or spacing 
of adjacent contours) exceeds all other contours. Broad, flat surfaces will give rise to particularly 
thick (i.e., widely spaced) contours, which may dominate the elevation distribution. In contrast, 
the lowest sloping elements of steep, ridge and valley topography are channels and ridges, and the 
landscape modal elevation lies mostly in between them. In other words, the position of the modal 
elevation in steep landscapes is more strongly a function of contour length, and not contour 
thickness. As far as I am aware, no recent research efforts have explored the extent to which 
hypsometry reflects the variable influence of contour length and contour thickness. Similarly, I am 
not aware of any prior research efforts that have considered hypsometry through the lens of contour 
length, and what this property might reveal about the organization of steep landscapes, which 
actually dominate the mountainous areas discussed by seminal papers such as Brozović et al. 
(1997) and Egholm et al. (2009). 
3.6 Methods 
3.6.1 Progressive Hypsometry (PH) algorithm 
 Below I describe the PH algorithm (Cunningham et al., 2019). The algorithm is designed to 
systematically track changes in hypsometry across a series of nested scales in the landscape. It 
does so by arranging the landscape into a series of nested subcatchments that lie along each river 
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channel in the landscape. Each river channel is divided into a chain of pixels, spaced evenly in 
elevation (and referred to as a channel chain, see Table 3.1). Subcatchments are delineated 
iteratively in the upstream direction along each channel chain. I calculate the modal elevation of 
each of these subcatchments, and find the relief between their modal and minimum (outlet) 
elevation. The (upstream) modal elevation is used as a reference value because of the (upstream) 
directionality imposed by the method. Each PH channel chain can be thought of as a hierarchical 
group of catchments either expanding in size in the downstream direction or shrinking in size the 
upstream direction.  
The PH algorithm consists of three major components: (i) segmentation of the landscape into 
large catchments, termed “supercatchments” (Fig. 3.2), (ii) calculation of hypsometry along all 
channel chains in each supercatchment (Figs. 3.3-3.4), (iii) segmentation of the landscape into 
nested subcatchments characterized by a shared modal elevation (Fig. 3.5). The first step, the 
creation of supercatchments, is not automated. The process of supercatchment selection is 
described in Sec. 3.6.2. For input supercatchments, I perform the following: 
 
1.  Map channel network: 
a.   define a channel network in each supercatchment using a flow accumulation area  
                  threshold A_c, which thins the set of all possible flow paths (Fig. 3.3) 
b. traverse downstream from each channel head i=1…N to the catchment exit to define a 
set of N along-channel pixel chains (PH channel chain) 
c. extend each pixel chain i upstream from its channel head to the drainage divide by 
following path of greatest flow accumulation area, ensuring that each pixel chain 
spans the full range of elevation from ridge to exit 
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2.  Map PH along network (Fig. 3.4): 
a. traverse each channel chain i upstream from the exit (shared by all chains)  
b. map along each channel chain a nested series of subcatchments, one at every channel 
pixel j(i) 
c. for each nested subcatchment, estimate its elevation pdf, its modal elevation 
h_mode_j (where the pdf peaks) and its outlet elevation h_out_j 
d. record as a set of i=1…N sequences of [h_out_j(i),h_mode_j(i)] pairs 
3.  Identify all PH “benches”, characteristic nested-catchment modal elevations 
a. perform change-point detection along each chain i=1…N to locate and define large 
jumps in h_mode at each h_out 
b. define the outlet elevation h_out at each jump as h_change 
c. designate the groups of between-jump modal elevations {h_mode} as “benches” 
d. define each bench modal elevation h_bench = min{h_mode} 
e. record as a set of i=1…N sequences (one per chain) of [h_change_k(i),h_bench_k(i)] 
pairs, each of length k(i)=1..n(i) 
f. concatenate all N sequences of [h_change_k(i),h_bench_k(i)]  
I implemented this algorithm using the TopoToolbox v. 2.1 code base (Schwanghart and Kuhn, 
2010; Schwanghart and Scherler, 2014). 
3.6.2 Determining an appropriate scale for supercatchment delineation 
 Given the purpose of the analysis is to understand how hypsometry varies with spatial scale, it 
is important to address the fact that a maximum scale of analysis—the scale of supercatchments—
is imposed. Supercatchment delineation takes place outside of the PH algorithm and is necessarily 
subject to a level of quality control that is not appropriate to automate. The goal of supercatchment 
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delineation is to develop a set of the largest possible catchments that cover the entirety of the 
detachment-limited portion of the mountain range (i.e., the portion of the mountain range above 
large depositional plains) (Fig. 3.2). Excluding large depositional plains from the analysis is 
appropriate for a number of reasons. First, the purpose of the analysis is to understand patterns in 
the hypsometry of erosive landscapes. It is not surprising that depositional plains near fluvial base-
level of most mountain ranges dominate the elevation distributions of large-scale (e.g., mountain 
range scale) analyses. Second, incorporating large depositional plains into the PH algorithm 
renders the algorithm inefficient. Most supercatchments contain 100-1000 PH channel chains, all 
of which converge to a single trunk channel (as described in Sec. 3.5.3, the density of chains is 
determined by the area threshold for channel head delineation, A_c). For this reason, each PH 
channel chain records the modal elevation of the entire supercatchment before shifting to its own 
distinct branch. When depositional plains are included in the analysis, the hypsometry calculation 
of the entire supercatchment plus some segment of depositional plain is repeated. Since 
depositional plains have little topographic variation relative to the catchments they drain 
incorporating them into the PH algorithm adds little new information and significant processing 
time.  
There is thus a balance between selecting supercatchments that span as much catchment relief 
as possible while excluding most depositional plains. This task is particularly difficult to automate 
in mountain ranges with asymmetric base level control, that is, where there is a vertical distance 
of hundreds or thousands of meters in the controlling base level on opposing flanks of the mountain 
range. There is also danger in delineating supercatchments with outlet elevations that are too high, 
since this effectively eliminates information about the topographic structure available for the PH 
routine, and thus compromises the very goal of the analysis. The analyses presented in this chapter 
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focus on individual supercatchments, and so the issue of asymmetric base level control does not 
arise here. I typically choose a supercatchment outlet elevation of 150-250 m, which extends most 
supercatchments to the range front and clips most depositional plains from the analysis (Fig. 3.2). 
3.6.3 Defining PH channel chains  
PH analysis is organized by channel chains. Channel chains are essentially the landscape 
channel network; I refer to “channel chains” in particular because I use each river channel to define 
a chain of evenly spaced pixels, which in turn define a set of outlet elevations for nested 
Figure 3.2: Example of supercatchment delineation in Talamanca Range, Costa Rica. DEM: Green through red is 
0-4000 m. Supercatchments are defined as all catchments draining to a low-elevation reference outlet (here 250 
m, chosen on the basis that it focuses supercatchments just above large depositional plains) and that span to the 
main divide of the range. The indicated supercatchment is used to demonstrate each step of the algorithm in the 
figures that follow. 
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subcatchments. To define a set of PH channel chains, it is first necessary to define the channel 
network (Step 1a), which I do by specifying a threshold accumulation area, A_c, for channel head 
delineation. The choice of A_c primarily effects the density of PH channel chains. The results of 
the analysis are broadly similar over a reasonable range of A_c (e.g., < 5 km2), but the choice of 
A_c does control the total number of subcatchments sampled by the analysis. I demonstrate the 
effect in Fig. 3.3 by plotting the channel network delineated with A_c at 2.5 km2 and 0.5 km2. The 
trunks of all PH channel chains are equivalent between the two examples, but employing a smaller 
A_c generates a much greater number of small, side-branching tributaries at high elevations. A 
higher A_c will thin out flow paths high in the channel network and exclude information about 
variability in the modal elevation on this small scale. The choice of A_c has virtually no effect on 
the results of larger topographic structures that PH measures.   
Figure 3.3: Effect of A_c on PH channel chain delineation. DEM is the same as Fig. 3.2. Black catchment outline 
is for “example supercatchment” labeled in Fig. 3.2. Each PH channel chains originates at one of the blue channel 
tips and extends to the supercatchment outlet. A_c refers to the minimum drainage (accumulation) area required 
to delineate a channel head. Blue stream lines are delineated using an A_c of 2.5 km2 (a, left) and 0.5 km2 (b, 
right). The larger A_c thins the total number of channels, and thus the number of PH channel chains. A smaller 
A_c increases the sampling of small tributary catchments (finely spaced tributary branches). PH channel chains 
are ultimately extended from the defined channel head to the drainage divide, so the choice of A_c does not affect 
the total elevation range sampled, only the number of small side-branches sampled. 
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3.6.4 Subcatchment delineation step length 
The core routine in PH analysis is the progressive delineation of subcatchments based on an 
iteratively raised pour point elevation along each PH channel chain (Step 2a/b; Figure 3.4a). This 
step of the algorithm requires a discrete vertical interval at which each progressive subcatchment 
outlet is raised (the vertical spacing of pixels along each channel chain). I chose a step interval of 
25 m in the analysis presented. In other words, on each upstream channel chain traverse a 
subcatchment is delineated at elevation step of 25 m. This step length is kept constant at all 
elevations in the drainage network. Because channel steepness tends to increase with increasing  
elevation in any drainage network, the rate of change in the horizontal spacing of iteratively 
delineated subcatchments also tends decrease with increasing elevation. For example, if a channel 
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mode = 1434 m
mode=1687 m
mode = 2783 m
mode = 3509 m
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outlet = 552  m
outlet = 250 m
outlet = 782 m
outlet = 1332 m
Figure 3.4: Progressive Hypsometry (PH) routine performed along one PH channel chain. (a) Same example 
supercatchment as in Figs. 3.2-3.3. One PH channel chain is drawn in blue. Subcatchments are extracted in 25 m 
vertical steps moving upstream in the catchment (densely spaced black catchment outlines). (b) The modal 
elevation (y-axis) is calculated for each subcatchment (with outlets along x-axis). Subcatchments are grouped 
according to their shared modal elevation. h_change for each nested subcatchment group is highlighted with a red 
dot, and the corresponding h_bench elevation is highlighted with a blue dot. (c-f) Each catchment associated with 
each h_change along this single PH channel chain and its elevation PDF. Red and blue dots on elevation PDF 
correspond with red and blue dots in (b). 
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steepens from a gradient of 0.01 mm-1 near the supercatchment outlet to 0.1 mm-1 near the channel 
head, the horizontal distance between subcatchment outlets will be 2.5 km and 250 m, respectively, 
for these two segments of the supercatchment. It is not known a priori how scaling the 
subcatchment delineation step affects the results of the analysis, and since the central goal is to 
determine how landscape scale is recorded in hypsometry, I kept the vertical spacing of channel 
chain pixels identical at all elevations. I found a 25 m step height to strike a suitable balance 
between a density of subcatchment outlet elevations and algorithm computation time (a smaller 
subcatchment delineation step would simply increase the density of nested subcatchments) for 
mountain ranges of >2500 m total relief. Where the mountain range relief is much smaller, a 
smaller subcatchment delineation step is appropriate. 
3.6.5 Estimating subcatchment modal elevation  
 The hypsometry of each subcatchment is computed with kernel density estimation (eq. 4). 
Kernel density estimation sums individual probability density functions (i.e., the kernel smoothing 
function, here a Gaussian) centered on each sample point (i.e. each elevation in the sample range). 
The method returns an estimate of the elevation frequency at 100 evenly spaced sample elevations. 
The bandwidth of the component smoothing functions (w in eq. 4) is a free parameter, and is 
calculated according to Scott’s Rule (Scott, 1979; Silverman, 1986):  
𝑤 = 0GHIJ+ 34I                                 (5) 
where σ is an estimate of the sample standard deviation (mean absolute deviation) and n is the 
number of samples.  
3.6.6 Defining Progressive Hypsometric Benches (PHBs)  
The PH algorithm identifies subcatchments delineated along a PH channel chain that share a 
similar modal elevation. It is common for the modal elevation to vary in steps (Fig. 3.4b). I term 
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these steps “Progressive Hypsometric Benches” (PHBs). Each PHB is composed of a group of 
nested subcatchments (i.e., consecutive catchments that span a large range of outlet elevations) 
that share a common modal elevation. Because of small-scale variability in the position of the 
modal elevation within nested subcatchments, there is a need define PHBs in an objective way. 
Doing so involves several tunable parameters. First, the nature of the analysis requires that a 
minimum PHB length (that is the number of subcatchments along any particular channel chain 
with a shared modal elevation) be specified. Thus, a minimum vertical gap between modal 
elevation and outlet elevation is imposed on PHBs. When subcatchments are delineated at densely 
spaced intervals (e.g., 25 m), it is common to observe a very small number (e.g., three) nested 
subcatchments with a shared modal elevation sandwiched in between much longer PHBs. In the 
results presented, I chose an extremely conservative approach in PHB identification, and chose a 
minimum PHB length of three subcatchments. The final step involves defining the horizontal 
bounds of PHBs. I do this with a change point detection algorithm. This algorithm first generates 
a detrended and smoothed CDF of modal elevations along each chain. The presence of PHBs 
(constant modal elevation) induces a convexity in the CDF. The algorithm finds change points in 
the convexities, which correlate with the right-and-left hand bounds of the PHBs.   
3.7 Results 
Broadly, there are two novel results of the Progressive Hypsometry analysis presented here: 
(i) a stepped pattern in the position of the modal elevation along each channel chain (that is, PHBs; 
Fig. 3.4), and (ii) a characterization of the vertical spacing of these steps, which I term ∆h.  In this 
section, I begin by describing a type example PH chain, and then present a concise way to describe 
the typical vertical spacing of PHBs in the landscape. I later use these results to identify the 
dominant relief scales of the landscape, as well as individual catchments that violate these scales.  
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3.7.1 PH along single channel chains 
 The most fundamental result of PH analysis is the presence of step changes in the position of 
the modal elevation along single PH chains (Fig. 3.4b). In an upstream traverse along any PH 
channel chain, the modal elevation of the upstream drainage remains constant before abruptly 
jumping to a higher value. Each channel chain of the landscape is characterized by a relatively 
small number of these steps (i.e., PHBs). The PH algorithm segments the landscape into nested 
subcatchments on the basis of PHBs—that is, it identifies subsets of finely nested catchments that 
share a modal elevation. In Fig. 3.5, I use the example from Fig. 3.4 to demonstrate this feature. 
Fig. 3.5d-g shows the position of a modal elevation contour bounded by the largest catchment in 
which it is observed (thus, each catchment has an outlet at h_change).  
Figure 3.5: Mapping h_bench in the landscape. The example here is the same supercatchment used in Figs. 3.2-
3.4. (a) Same as Fig. 3.3b. Red dots represent subcatchments at each (h_change, h_bench). (b) Same as 3.3a. 
Red dots at a1-a4 indicate h_change in (a). (c) PHB map. Using the same color ramp as (b) only h_bench 
contours are mapped above their respective h_change. (d-f) Each individual h_bench contour and its associated 
h_change. All four maps are combined to make composite in (c).  
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Each jump in modal elevation occurs just above a tributary junction, a pattern which I highlight 
in Fig. 3.6 by comparing the largest catchment associated with each PHB (that is, the catchment 
with an outlet at the h_change of the PHB) to the supercatchment stream network. Each h_change 
occurs just above a confluence. The implication is that the progressive removal (pruning) of 
tributary catchments along each upstream traverse induces abrupt jumps in the modal elevation. 
The vertical of each jump in modal elevation is thus a function of the geometrical arrangement of 
catchments in the landscape. Next, I sought a way to characterize the typical vertical scales at 






Figure 3.6: Jumps in modal elevation 
induced by branching. Same as Fig. 
3.5c. Each modal elevation band is 
drawn within the catchment delineated 
above its associated h_change (red 
dots). Abrupt changes in the elevation 
of h_bench occur in the upstream 
direction on the main stem of the 
supercatchment. As tributary branches 
are passed, the subcatchments they 
drain are removed from the elevation 
PDF: they are “pruned” from the 
analysis. 
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3.7.2 Describing the relief between step changes in modal elevation: ∆h   
The number of PH chains that make up any given supercatchment vary as a function of the 
threshold area, A_c, which defines the position of channel heads. A smaller A_c increases the total 
number of channel heads from which each PH channel chain originates. In the analyses presented, 
I used an A_c of 0.5 km2, which yields ~100 to several thousand PH channel chains for each 
supercatchment. Each channel chain is composed of several PHBs, and thus any given 
supercatchment is characterized by several thousand PHBs. In order to describe the vertical 
spacing of PHBs, I chose to represent them by their (h_change, h_bench) pairs. In other words, for 
each step change in modal elevation, I recorded only the outlet and modal elevation at which the 
step change occurred. Fig. 3.7 illustrates the process. In Fig. 3.7b, each point in the scatter plot 
represents a catchment defined by outlet elevation at h_change with a modal elevation at h_bench. 
The plot can thus be read as a synthesis of every subcatchment nested within the supercatchment 
that marks a change in modal elevation. In the same way that h_bench modal elevations are 
mapped onto the landscape for a single chain (Fig. 3.5c), all h_bench modal elevation bands for 
each chain can be mapped onto the landscape (Fig. 3.7d).  
Each h_bench elevation band represents the modal elevation of a set of nested subcatchments. 
In order to describe the typical jumps between steps in modal elevation, I define a new metric: ∆h, 
the difference between h_bench and h_change for each PHB (Fig. 3.8a). This value is a relief: it 
is the difference between the modal elevation of a subcatchment and the height of the lowest point 
on the channel network (i.e., a particular outlet elevation) at which it is observed. Since ∆h is 
calculated for all of the PHBs in a given supercatchment, I summarized the variability in ∆h for 
each supercatchment by estimating its probability density function (referred to as ∆h distribution) 
(Fig. 3.8b). It is important to note that because all PH chains eventually converge to the main trunk 
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channel of the supercatchment, all PH chains share an identical PHB along some segment of their 
path. As a result, PHBs that plot as a single point on the PHB scatter plot (Fig. 3.8a) can be heavily 
weighted in the distribution of all ∆h (Fig. 3.8b). The ∆h distribution is therefore a measure of the 
dominant ∆h observed in the supercatchment. 
 
Figure 3.7: Mapping all single channel chains in a supercatchment. (a) Same as Fig. 3.3b. Points a1-a14 are the 
same as in Fig. 3.3b. (b) h_bench and h_change pair for each PHB found along each of the 386 chains in the 
supercatchment. Red dots only for a single channel chain (in a). (c) h_bench contours for only chain in (a). (d) 
All h_bench contours plotted in (b).     
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3.7.3 Small-scale ∆h and large-scale ∆h 
In Figure 3.9, I present PH analysis of a collection of supercatchments from four tropical 
mountain ranges: the Talamanca Range of Costa Rica, the Finisterre Range of Papua New Guinea, 
the Central Range of Taiwan, and the Owen Stanley Range of Papua New Guinea. These mountain 
ranges were chosen on the basis that they are rapidly uplifting and eroding, and are connected to 
external base level (sea level) by relatively short (< 60 km) channel links, along which base level 
fall should be communicated rapidly. The example supercatchments were also chosen on the basis 
that their channel networks lacked significant knickpoints, low-relief topography perched at high 
elevations, and other obvious signs of transience. I propose that they offer good examples of typical 
PHB behavior in natural landscapes.  
In each example, the ∆h distribution is characterized by two dominant values, one on a 
relatively small scale (typically 100-500 m), and one at a large scale (>1000 m). I term these two 
classes of ∆h, respectively, the “small-scale ∆” and “the large-scale ∆h.” As a way to objectively 
Figure 3.8: Defining ∆h. (a) Same as Fig. 3.7b. ∆h is the difference between h_bench and h_change. ∆h is a relief: it 
is the vertical distance between a modal elevation and the lowest elevation on the channel network at which it is 
observed. Thin diagonal line is the identity line. (b) Estimated PDF of ∆h plotted in a. Note that the apparent density 
of ∆h observed in a does not obviously correlate with the modal peaks in the ∆h PDF. For example, only two points 
in a have a ∆h that matches the modal peak in the ∆h distribution at ~2000 m in b. The reason is that multiple PH 
chains contain the same PHB, and thus a small number of PHBs are counted many times.   
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define these two relief scales, I used an algorithm to generate a Gaussian mixture model. The 
algorithm fits two Gaussians to the ∆h distribution for each supercatchment. I use these Gaussians 
to estimate the magnitude and spread (1σ) of both the small-scale ∆h and large-scale ∆h (Fig. 3.9). 
The two ∆h scales are associated with two distinct types of subcatchment: small tributary 
catchments and larger catchments that drain the main tributary branches of the supercatchment. 
To illustrate these categories, I focus first on the large-scale ∆h in Fig. 3.9a3-d3 and then compare 
both large-scale ∆h and small-scale ∆h in Fig. 3.10.  
In Fig. 3.9, I plot the modal elevation contour and catchment boundary for each catchment 
characterized by large-scale ∆h. These subcatchments are also represented in the diagonal band of 
points that forms the upper limit of the PHB scatter plot in Fig. 3.9a1-d1 (plotted in red). The 
contours plotted in Fig. 3.9a3-d3 are similar to those plotted in Fig. 3.5, only I assign each contour 
the same color. I plot only large-scale ∆h catchments first to show their nesting pattern, and to 
highlight that they form an upper boundary on the ∆h of all PHBs in each supercatchment. The 
lowest modal elevation contours associated with these catchments usually span the entire width of 
the supercatchment, and trace out the dominant branching structure of the tributary network. In the 
upstream direction, they steadily shrink onto individual tributary branches.  
In contrast to large-scale ∆h subcatchments, small-scale ∆h subcatchments are scattered 
throughout the landscape, and do not share a coherent nesting pattern. It is not readily apparent 
from the PHB scatter plot and from the large number of small-scale ∆h subcatchments (Fig. 
3.10a4/b4) relative to large-scale ∆h subcatchments (Fig. 3.10a3/b3) that the ∆h distribution of 
these supercatchments should be bimodal. The reason for the bimodal ∆h distribution is that 
catchments with large-scale ∆h tend to occur along major trunk channels that drain many smaller 
tributary channels. Because all PH channel chains originate at the tips of channel heads which  
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Figure 3.9: Large-scale ∆h in example supercatchments. (a1-d1) PHB scatter plots for selected supercatchments 
from four mountain ranges. Plots are of the same form as Fig. 3.7b. Large-scale ∆h is defined by the ∆h PDF (red 
band). Each PHB characterized by large-scale ∆h is colored in red. The modal elevation contour of each PHB is 
plotted in red in (a3-d3). (a2-d2) ∆h PDF for each example supercatchment. (a3-d3) DEM (dark gray through 
white). Boundaries of each large-scale ∆h catchment are plotted in black. They are paired with their modal 
elevation contours, in red.    
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Figure 3.10: Comparison of large-scale ∆h and small-scale ∆h catchments. (a1, b1) PHB scatter plot for 
supercatchments in 9b and 9c. Large-scale ∆h subcatchments are plotted in red and are the same as those 
highlighted in 9b1/c1. Small-scale ∆h catchments are plotted in blue. (a2, b2) ∆h PDF for each supercatchment. 
Large-scale ∆h (red) and small-scale ∆h (blue) modes and spread are estimated using a Gaussian mixture model 
(spread is 1σ). (a3, b3). Same as Fig. 3.9b3, 3.9c3. Large-scale ∆h subcatchments. Black catchment outlines are 
delineated above each h_change. Red contours are the modal elevations for PHB characterized by large-scale 
∆h. (a4, b4) Small-scale ∆h subcatchments. Modal elevation contours in blue.    
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converge to trunk channels, many individual PH channel chains will contain the same PHB along 
their path. The ∆h of these shared PHBs is weighted heavily in the ∆h distribution.  
3.7.4 Deviations from bimodal ∆h distribution  
 Some landscapes are characterized by more than two dominant relief scales (Fig. 3.11), which 
is to say that their ∆h distribution has more than two modal values. In such landscapes, a high 
modal ∆h far exceeds that observed in any of the examples of bimodal ∆h. In each example 
characterized by more than two dominant ∆h values, subcatchments with the highest ∆h value arise 
from isolated zones of the landscape where disequilibrium features are apparent in satellite 
imagery, including anomalous low-relief topography at high elevations (Fig. 3.11b3,c3) or 
apparent instability at drainage divides (Fig. 3.11a3, d3). Importantly, the ∆h distribution of each 
example in Fig. 3.11 does indicate a modal peak at ∆h that is similar to the large-scale ∆h for 
supercatchments in Fig. 3.9. 
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Figure 3.11: Examples of anomalous landscapes identified by PH analysis. Same style as Fig. 3.9. (a1-
d1) Selected supercatchments from the same four mountain ranges as Fig. 3.9. These catchments exhibit 
signs of transient behavior, including asymmetric headward erosion along drainage divides (a), perched 
landscapes (b,c) and recent drainage capture (d). Red points are subcatchments characterized by large-
scale ∆h, and fall within the red band of the ∆h PDF in a2-d2. Yellow points are isolated subcatchments 
with a higher ∆h than everywhere else in the supercatchment. They correspond with yellow bands in a2-
d2. (a2-d2) ∆h PDF for each example supercatchment. The red band is the large-scale ∆h, and the yellow 
band is the ∆h associated with anomalous subcatchments (a3-d3) Oblique Google Earth image (1.5x 
vertical exaggeration) with each large-scale h_bench contour in red and each anomalous h_bench contour 
in yellow.  
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3.8.1 Landscape relief scales and catchment organization revealed in PH 
 It is intuitive to conceptualize the landscape as a smooth elevation profile (i.e., as a one-
dimensional object) that steepens with increasing distance from base level. PH analysis presents a 
different perspective on the landscape’s architecture: landscapes are organized into catchments, 
whose planform arrangement gives rise to fixed relief scales that repeat across a large span of 
elevations. Rather than smoothly shrinking in area and steepening above base level, catchments of 
a fixed geometry control the three-dimensional structure of the landscape. PH analysis reduces the 
complexity of this discontinuous topographic structure by identifying two relief scales around 
which the entire landscape is organized: the small-scale ∆h and large-scale ∆h. In this section, I 
argue that these two scales are, respectively, the typical valley and catchment relief. I further argue 
that deviations from these scales reveal major transient adjustments to catchment geometry, a 
phenomenon which is otherwise difficult to describe quantitatively or even to visualize. 
The first core result of PH analysis (Sec. 3.6.1) is that the modal elevation along any channel 
chain varies in steps, and not smoothly. To contextualize this result properly, it is important to bear 
in mind that the modal elevation of a landscape is the contour whose combined length as well as 
thickness (i.e. spacing between adjacent contours) exceeds all others. In catchments that lack large 
swaths of low-gradient terrain, it is length that is the most relevant dimension of the modal 
elevation contour. This contour traces out a path from an upstream position on the valley floor to 
a downstream position on the drainage divide. The maximum vertical distance between the modal 
elevation contour and the valley floor (approximately the metric ∆h) is thus a measure of the valley 
relief.  
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For the purposes of illustration, consider a long, narrow, inclined valley, with hillslopes that 
everywhere sit at a fixed relief above the valley floor. In such a valley, the lowest topographic 
gradients are found along the ridge and valley floor. However, because the valley floor is required 
to maintain a slope in the downstream direction, the modal elevation contour only intersects it at a 
single point, and traces out a path from the valley floor to the peak elevation of the downstream 
valley wall. In an upstream traverse along the valley floor, the modal elevation would steadily rise, 
always sitting at a relief above the valley floor that precisely matches the hillslope relief. In this 
way, the relief between modal elevation and valley floor would be a direct measure of hillslope 
relief, and would remain essentially insensitive to the topographic gradient of the valley. 
The pattern described above is not observed in natural landscapes. Instead, the modal elevation 
rises in a stepped fashion in the upstream direction. The reason for this behavior is that landscapes 
are made up of branching valley networks, and almost all of the elevation contours in the landscape 
cross through several subcatchments organized by channel branches. Along an upstream traverse 
in any given valley, step changes in the modal elevation result from a sudden shortening of a 
particular set of contours as tributary subcatchments are passed by: pruning lower elevation 
subcatchments from the domain of analysis along an upstream traverse forces the observed modal 
elevation higher. The ∆h of most of these steps—that is, their vertical spacing—is a function of 
valley relief, just as it would be in the absence of branching. In other words, the presence of 
branching induces the stepped pattern in modal elevation, but the magnitude of change is still 
dictated by the valley relief. However, a surprising feature of PH analysis is that ∆h is sorted into 
two groups: the small-scale ∆h and the large-scale ∆h.  
Why does PH analysis identify two relief scales in the landscape? The reason is that there are 
two geomorphic elements that organize relief: valley walls and catchments. Valley walls (which, 
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for the purposes of this analysis I define as the combination of hillslope and debris flow/colluvial 
channel relief) are restricted to a relief threshold (e.g., Burbank et al., 1996; Larsen et al., 2012; 
see Table 3.1). On the other hand, catchments are bounded by valley walls that drain to a trunk 
channel. The total relief of a catchment extends from the hillslopes above the channel head to the 
downstream tributary junction, and is necessarily larger than the maximum valley wall relief. The 
small-scale ∆h and the large-scale ∆h capture these two basic relief scales: small-scale ∆h is the 
vertical range of valley wall relief, and large-scale ∆h is the maximum catchment relief (Fig. 3.12).  
Figure 3.12: Schematic interpretation of large-scale ∆h and small-scale ∆h. The small-scale ∆h is a measure of 
valley wall relief, which includes hillslopes and colluvial channels. After a threshold relief is crossed, hillslope 
and colluvial channel processes give way to fluvial channels. Fluvial channel links are organized into catchments, 
which have a vertical scale that is distinct from the valley relief. 
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 There are multiple lines of evidence that support the claim 
that small-scale ∆h and large-scale ∆h measure the landscape 
relief structure and are largely insensitive to topographic 
gradient. The first is that the large-scale ∆h is only observed in 
a small number of catchments (Figs. 3.9-3.11). In contrast, most 
of the subcatchments in the landscape are characterized by 
small-scale ∆h (Fig. 3.10). The multimodal pattern arises 
because a large number of channel chains pass through the same 
set of large (i.e., large-scale ∆h) subcatchments, in effect 
weighting the ∆h of these large catchments. Second, an upper 
bound on large-scale ∆h is observed at all elevations: large-
scale ∆h subcatchments are found at the highest elevations as 
well as at lower elevations in each supercatchment. This pattern 
indicates that a relief threshold is maintained across the entire 
landscape. Finally, across the four mountain ranges analyzed, 
the small-scale ∆h is tightly constrained within a similar range, between ~200 and ~800 m (Fig. 
3.12). This bound on small-scale ∆h is expected if valleys walls are restricted to a strictly enforced 
relief threshold (see Table 3.1).  
Figure 3.13 (left): Large-scale ∆h and small-scale ∆h for every 
supercatchment in four selected mountain ranges. A two-component 
Gaussian mixture model is fitted to the ∆h PDF for each supercatchment 
(that is, I assume each supercatchment is a mixture of precisely two 
Gaussians). Large-scale ∆h (red) and small-scale ∆h (blue) are, 
respectively, the higher and lower estimated modal ∆h values. Vertical lines 
are 1σ. Estimates of the large-scale ∆h are effected by additional modal 
peaks in the ∆h distribution (Fig. 3.11). 
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Other metrics of relief corroborate the finding that large-scale ∆h is a measure of the limit on 
catchment relief. In order to compare the relief scales measured by PH with less complex measures 
of relief, I measured relief in a moving window (e.g., Korup et al., 2007). In this analysis, I passed 
a square window of fixed size over the entire landscape and calculated the total relief within it 
(total relief was calculated using the 95th percentile elevation to the minimum elevation). Because 
the relief measured within a fixed window is a function of window size (relief measured in a small 
window will almost always be smaller than in a large window), I implemented this measurement 
on a progressively increasing window size (Fig. 3.14). For each window size, I estimated the PDF 
of relief, and recorded the modal relief. I compared this measurement to the distribution of ∆h for 
each example supercatchment (Fig. 3.15). In each case, I standardized the size (area) of the moving 
window to the total area of the supercatchment (Fig. 3.15a-h2). The modal relief increases as the 
Figure 3.14: Relief calculated in moving window. (a1-d1) Example of window size for example supercatchment 
(Taiwan ex. 1). Grid indicates size of moving window in which relief is calculated (total relief, 95th percentile elevation 
to minimum elevation). (a2-d2) PDF of total relief (R), for calculated in moving window (black). Total relief increases 
as the size of the moving window increases. 
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size of the moving window increases, but it plateaus once the size of the moving window is 
between 5-10% of the supercatchment area, which I interpret as a measure of the relief limit on 
the landscape (e.g. Montgomery and Brandon, 2002). In all cases, this maximum relief correlates 
with the large-scale ∆h. It should be noted that the moving window is agnostic to drainage divides, 
and is thus more prone to noise than PH. Nevertheless, the maximum relief measured in the moving 
Figure 3.15: ∆h vs. relief in moving window. (a1-h1) Same as Fig. 3.9a2-d2 and 3.11a2-d2, respectively. Red 
bands indicate estimated large-scale ∆h. Yellow bands indicate anomalous ∆h. (a2-h2) Total relief calculated in 
moving window. x-axis: moving window size relative to supercatchment area (ex.: 0.1 on x-axis means that 
moving window is 1/10th the area of supercatchment). y-axis: Modal relief calculated in moving window. As the 
size of the moving window increases, the calculated relief increases. This calculated relief eventually plateaus with 
increasing window size. Red band is same as in a1-h1.   
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window is similar to the large-scale ∆h. The reason must be that both are sensitive to a maximum 
relief that is generally imposed everywhere in the landscape.  
The upper bound on ∆h—that is, the catchment relief—is perhaps the most important result 
that emerges from PH analysis. First, it signifies that on the catchment scale, the modal elevation 
is most sensitive to contour length, and not topographic gradient (i.e., contour thickness). Even 
though channel slope decreases in the downstream direction, ∆h maintains a constant value across 
a large range of spatial scales (Fig. 3.9; 3.15), which signifies that variation in modal elevation is 
driven by a property of the landscape is that is largely invariant across spatial scales. This property 
cannot be topographic gradient. If the modal elevation was sensitive to topographic gradient, the 
maximum observed ∆h would change steadily with increasing spatial scale, since a larger window 
of analysis would incorporate larger portions of the channel network, and therefore lower 
topographic gradients. Instead, the large-scale ∆h must arise from a combination of a threshold on 
relief (see Table 3.1), and the similarity of subcatchment geometry. The material strength of the 
landscape imposes a limit on relief, which PH analysis shows is enforced on the scale of 
catchments. The reason that the modal elevation lowers at a consistent rate in the downstream 
direction must be that catchments at the threshold relief are geometrically similar, and thus alter 
the elevation distribution in the same way (i.e., lower the modal elevation by the same magnitude 
in the downstream direction).  
Furthermore, the large-scale ∆h is the vertical scale of the channel branching structure. Perron 
et al. (2012) demonstrated an areal control on channel branching using the Péclet number. In their 
model, channel branching essentially occurs once hillslopes are so large that their material flux 
gives rise to channel initiation. The large-scale ∆h is the vertical representation of this areal 
threshold. Wherever hillslopes grow vertically above fluvial channels, new channel branches are 
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formed. The large-scale ∆h is repeated across a large span of elevations (e.g., ~1500 m in Fig. 
3.16a) because of this effect: the limit on relief is enforced by the transition from hillslope to 
channel processes (Fig. 3.16). 
3.8.2 Catchment reorganization recorded in PH 
 When the rate of channel incision is everywhere tightly linked to the rate of base-level fall, and 
thresholds on relief are uniformly imposed, catchments exhibit self-similarity and are spaced 
evenly throughout the landscape (Perron et al., 2008). The large-scale ∆h is the topographic 
signature of this behavior. In all of the mountain ranges analyzed, however, isolated segments of 
the landscape deviate from the two dominant ∆h scales (Fig. 3.11). I emphasize that these 













































































































Figure 3.16: Relationship between large-scale ∆h and valley branching. (a) PHB scatter plot from the same 
example supercatchment from Taiwan in Fig. 3.9c1, 3.10b1. Each red point is a subcatchment characterized 
by large-scale ∆h. In b-g, I examine a selection of these subcatchments. I label each of these subcatchments 
on the PHB scatter plot. (b1-g1) Subcatchments corresponding to labeled points on (a). Each subcatchment 
polygon is delineated above h_change, and has corresponding red contour line at h_bench. (b2-g2) Elevation 
PDF for each subcatchment in black. Upstream elevation PDFs are retained in grey in (c2-g2). Each 
downstream drop in h_change (lower limit of elevation PDF) is matched by a drop in h_bench. (h) Composite 
of b1-g1.    
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catchments are indeed isolated, and surrounded by subcatchments characterized by large-scale ∆h. 
The primary reasons such deviations could occur include: (i) local conditions (e.g., variability in 
rock erodibility) that promote higher valley and catchment relief or (ii) local dissimilarity in 
catchment geometry due to disconnection from external base level forcing. Regardless of the 
proper explanation in any context, PH analysis captures this subtle change in landscape 
organization. That said, I propose that the latter scenario, that local dissimilarity in catchment 
geometry is rooted in a local disconnection from external base-level control, is more common. The 
landscapes analyzed here were chosen on the basis that they were likely to exhibit threshold 
hillslopes, so deviations in relief introduced by variable rock erodibility are likely to be negligible 
(since hillslopes should maintain a similar relief across a range of erosion rates; Montgomery and 
Brandon, 2002; Larsen et al., 2012). Furthermore, the isolated subcatchments that deviate from the 
large-scale ∆h often do so by a large amount (sometimes as much as a factor of two). It would be 
surprising if such differences were driven entirely by local variation in erosion rate.  
Disconnection from base-level control can be driven by external forcing, such as a rapid 
acceleration in the rate of rock uplift, or internally-generated processes such as drainage divide 
migration and drainage capture events that drive local deviations in erosion rate (Willett et al., 
2014; Whipple et al., 2017). Discerning the influence of these mechanisms in the landscape is a 
challenge: changes in the rate of rock uplift, for example, can drive drainage rearrangement (Yang 
et al., 2015). However, transient pulses of rock uplift in the absence of drainage rearrangement 
should manifest as a sudden disappearance of large-scale ∆h catchments at high elevations, since 
landscapes linked to a lower rate of rock uplift should exhibit lower relief. I do not observe such a 
disappearance of large-scale ∆h in supercatchments characterized by topographic anomalies (Fig. 
3.11a1-d1). Rather, in every supercatchment presented, large-scale ∆h subcatchments are observed 
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over a large span of elevations. I propose that the isolated catchments that exceed the large-scale 
∆h are subject to drainage rearrangement. They deviate from the self-similar nesting of catchments 
either due to their shrinkage in drainage area through successive drainage captures or, alternatively, 
through transient phases of growth. 
As discussed in section 3.2, previous work has inferred drainage rearrangement from 
mismatches in the slope-area scaling in channels across drainage divides (e.g., Willett et al., 2014). 
Alternatively, PH analysis shows that catchment rearrangement is actually recorded in catchment 
geometry and can be quantitatively identified. The PH approach also maps the locus of catchment 
rearrangement: the modal elevation of catchments that exceed both the small-scale and large-scale 
∆h must indicate an elevation band at which the self-similar structure of the landscape is disrupted 
(visualized as yellow contours in Fig. 3.11a3-d3). Mapping these elevation bands is helpful for 
identifying transient processes, such as recent drainage capture or ongoing headward migration. I 
infer that competition between catchments disrupts the ambient catchment nesting pattern in two 
ways: 
(i) Catchment shrinkage: Area loss due to drainage capture and progressive divide 
migration by neighboring catchments. The loss of drainage area progressively slows 
the local channel incision rate, which is progressively unable to keep pace with the rate 
of base-level fall. The catchment relief shrinks due to a combination of weak incision 
and attack by fringing catchments.  
(ii) Catchment growth: Catchments expand through headward erosion and drainage 
capture. Channel incision rates increase, and catchment area expands. Disequilibrium 
geometry may persist prior to organization into new subcatchments. 
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The results presented here are an indication that drainage rearrangement is commonplace. In each 
of the examples of landscapes with more than two relief scales, there is qualitative evidence for 
such catchment rearrangement (Fig. 3.11). Importantly, the modal elevations of these dissimilar 
catchments can be associated with steep terrain (Fig. 3.11a3, 3.11d3) or in low-gradient terrain 
(Fig. 3.11b3, 3.11c3). The fundamental difference between the isolated catchments that deviate 
from the two dominant relief scales is their geometry—not variability in steepness, per se.  Like 
all methods of topographic analysis, the signature of transient behavior observed in PH analysis is 
non-unique: catchments that deviate from the dominant relief scales of the landscape will identify 
a steep, expanding catchment as well as a perched, low-relief catchment subject to encroachment 
by neighboring catchments. 
Standard methods of channel profile analysis start from the assumption that the landscape 
quickly organizes into catchments during the early phases of mountain building, and that changes 
in the rate of base-level fall are communicated through the landscape along channel networks that 
maintain a stable branching structure through time (e.g., Hack, 1957). Disequilibrium in channel 
networks is usually assessed on the basis of deviations from the scaling relationship between 
drainage area and channel slope. Such assessments are rooted in the assumption that the 
distribution of drainage area is not subject to major changes (see Whipple et al., 2017 for 
discussion). The results here offer another line of evidence that this assumption is likely violated 
on a routine basis. 
3.8.3 Example of catchment rearrangement recorded in PH: the Talamanca Range 
I next demonstrate how PH analysis identifies catchments subject to drainage rearrangement 
with a particularly striking example of an imminent drainage capture at Cerro Durika, in the 
Talamanca Range, Costa Rica (Figs. 3.17-3.19). Standard slope-area analysis shows that Cerro 
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Durika is a perched landscape, that is, it is drained by low-gradient channels and flanked by 
knickpoints (Morell et al., 2012; Fig. 3.18d). A sharp transition from rainforest to parámo tracks 
the change in topographic gradient across this knickzone, rendering the landscape readily 
identifiable in satellite imagery (Fig. 3.17). The trunk channel of this perched landscape is within 
50 m of its northern drainage divide—a distance spanning less than two pixels of the SRTM DEM. 
Flow routing of the SRTM DEM maps the trunk channel of the perched landscape across the 
drainage divide (Fig. 3.17). It is a fortuitous error: the capture of this reach is imminent, so the 
incorrect (automated) mapping of channel network actually provides some insight into how this 
landscape will evolve.   
Figure 3.17: Perched landscape at Cerro Durika. Solid blue lines are the channel network. The dashed blue line is 
the actual channel (observed in satellite imagery). The channel is so close to the drainage divide that an error in 
the SRTM DEM routes the channel work across the present-day drainage divide. The divide breach is imminent, 
and it is thus useful to consider the DEM-derived channel network as is. 
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Morell et al. (2012) used slope-area analysis to reveal knickpoints (high channel steepness 
index along the border of the perched landscape in Fig. 3.18d) that originate in the perched 
landscape and by way of explanation proposed that a wave of incision marked by these knickpoints 
is currently migrating along the presently-observed channel network. In contrast, PH analysis 
shows that drainage capture has (or soon will) split the perched landscape between distinct 
catchments, and that the pre-existing channel network is being replaced entirely. The evidence for 
this process lies in patterns in the large-scale ∆h. In the wake of the drainage capture event, the 
perched landscape will drain into two subcatchments that are characterized by the large-scale ∆h 
(Figs 3.18h2-i2; Fig. 3.19). These two subcatchments will be nested inside of a larger catchment 
whose ∆h exceeds the large-scale ∆h (subcatchment c in Fig. 3.18a). It is telling that the dissimilar 
geometry of the perched landscape is only identified at a low outlet elevation. The reason is that 
landscapes tend toward self-similarity: drainage rearrangement sorts disequilibrium catchments 
into self-similar catchments. The distortion of catchment geometry introduced by the perched 
landscape is only observed on the large scale. Upon zooming in, only subcatchments that adhere 
to the threshold relief are observed. In other words, nesting of subcatchments h and i inside the 
larger catchment c (labeled in Fig. 3.18a, 3.19a) shows that dissection of the perched landscape 
results from segmentation into new catchments, and not channel incision that faithfully follows 
the path of a pre-existing drainage network. This pattern goes unrecognized in slope-area and 
channel profile analyses. 
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3.8.4 Implications for contemporary 
assessments of landscape hypsometry  
Recent applications of hypsometry have 
focused on glacial landscapes (Egholm et al., 2009; 
Pedersen et al., 2013; Creyts et al., 2014). These 
studies have asserted that a match between the 
position of the hypsometric maximum and the 
glacier equilibrium line altitude (ELA) indicates 
that the landscape has been flattened at this 
elevation by a “glacial buzzsaw”. They either 
explicitly (Egholm et al., 2009) or implicitly 
(Creyts et al., 2014) assumed that large-scale 
hypsometry could differentiate fluvial and glacial 
landscapes on the basis of the elevation of the 
landscape modal elevation. Since fluvial landscapes deposit sediments at low elevations, it is 
expected that the hypsometric maximum of fluvial landscapes will sit at a low elevation, and that 
glacial landscapes will, in contrast, exhibit a higher hypsometric maximum.  
Figure 3.19 (right): Reorganization of perched landscape 
(Cerro Durika) into large-scale ∆h subcatchments. (a) Same 
as 3.18a. Arrows point to two large-scale ∆h subcatchments 
(h and i) that split the perched landscape (anomalous ∆h, 
(c)). (b) Yellow contour is h_bench for largest catchment, 
same as 3.18c. Two higher subcatchments are same as 3.18h 
and 3.18i, respectively. (c) Imminent capture of the perched 
landscape, segmented between two global-scale ∆h 
subcatchments.    
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The results of the analysis presented here challenge the notion that the position of the modal 
elevation is a governed by topographic gradient. The modal elevation itself is hard to pin to a 
particular geomorphic feature, but it does not necessarily have anything to do with zones of low 
topographic gradient. The implications for glacial erosion are particularly interesting: perhaps the 
modal elevation found near the ELA of the Late Pleistocene is a function of valley geometry, and 
not the preponderance of low-gradient terrain, as has been implied for several decades (Brozović 
et al., 1997; Egholm et al., 2009). Furthermore, without context, the significance of a modal 
elevation found within some region of a mountain range is hard to interpret. In any given case, a 
modal elevation above fluvial base-level may be perfectly consistent with the self-similar, 
equilibrium form of a fluvially-dissected landscape. Hypsometry does, however, provide 
information about the landscape that is otherwise difficult to obtain—but only in the context of its 
variability with scale. PH provides a way to properly interpret hypsometry, and to assess the 
significance of any given modal elevation—particularly at the ELA, where glacial erosion may 
introduce a significant disruption to the landscape organization imposed by fluvial erosion. This 
phenomenon is the focus on the next chapter.  
3.9 Conclusions 
Landscapes can be thought of as a mosaic of catchments. The arrangement of catchments 
controls the sediment and water flux to channels, incision along which connects the landscape to 
base-level fall. There is growing recognition that catchments adjust their geometry through 
competition at drainage divides, although a long-standing assumption has been that this behavior 
is rare enough to be safely ignored. In this chapter, I have provided a means by which to describe 
the three-dimensional organization of catchments in the landscape using only hypsometry. In doing 
so, I have demonstrated a signal of catchment rearrangement within the very morphology of the 
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landscape. Most previous methods of large-scale landscape analysis have focused on the scaling 
relationships between the drainage area and slope of river channels. One benefit of the method 
presented here is that no such scaling relationships are assumed: instead, patterns of catchment 
self-organization emerge from the distribution of elevation alone.  
It is somewhat remarkable that so much information about the landscape relief structure is 
recorded in hypsometry. Through the identification of change points in the hypsometry, the PH 
algorithm identifies both patterns of self-similar catchment nesting, the typical relief scales of the 
landscape, and catchments subject to transient phases of growth and shrinkage. Specifically, the 
PH algorithm identifies: 
i) Two dominant relief scales of the landscape: the valley relief and the catchment relief. 
ii)  Zones of the landscape where catchments are nested in a self-similar manner. 
iii) Catchments whose geometry deviates from the dominant relief structure of the landscape  
  due to transient processes. 
The methods described here shows that the key to deriving detailed information from hypsometry 
is to track its variability across spatial scales. In isolation, any individual hypsometric curve is 
rather difficult to interpret, and in most cases will primarily reflect the catchment relief scale. By 
tracking how hypsometry varies across scales, signs of self-similarity emerge. An important result 
is that isolated catchments often deviate from the self-similar structure of the landscape, an 
indication that catchment (and therefore drainage) rearrangement is a common phenomenon. 
































                                                        
‡ The results presented in Fig. 4.5 were introduced and discussed in Earth Surface Dynamics with co-authors Colin 
P. Stark, Michael R. Kaplan, and Joerg M. Schaefer (Cunningham et al., 2019). 




It has long been thought that glacial erosion can limit mountain height. Evidence for the 
phenomenon is rooted in the frequency distribution of elevation, typically referred to as 
hypsometry. Global hypsometric analysis has shown that the bulk of high-elevation terrain in 
heavily glaciated mountain ranges sits near the (long-term) glacial equilibrium line altitude (ELA). 
One proposed explanation for this pattern is that headward glacial erosion focused at the ELA has 
carved low-gradient valleys into otherwise steep mountain highlands, and that the ultimate 
topographic signal of glacial limitation is the presence of high elevation, low-gradient terrain near 
the ELA. Skeptics of the glacial limitation hypothesis have rightly pointed out that high-elevation, 
low-gradient landscapes often originate at low elevations, and may simply reach the ELA by 
coincidence. In this context, the height of many glaciated mountains is more appropriately 
explained by the inability of erosion—whether fluvial or glacial— to keep pace with tectonically-
driven rock uplift. Here I reexamine the glacial limitation hypothesis from the perspective of 
landscapes where glacial limitation could be considered least likely: quickly eroding mountain 
ranges in the deep tropics, some of the warmest places on Earth. I begin by reviewing the glacial 
limitation hypothesis, and define it precisely: glacial limitation refers to the introduction of a 
perched glacial base-level, which operates independently of fluvial base-level forcing. I propose 
that glacial limitation can occur where low-gradient, disequilibrium fluvial landscapes reach the 
ELA. I then apply the new tool of Progressive Hypsometry (PH), developed in Chapter 3, to ten 
tropical mountain ranges that are selected on the basis that they should exhibit a strong coupling 
between rock uplift and fluvial erosion. PH analysis identifies large, low-gradient landscapes 
perched above steep fluvial networks over a large span of elevations (2000-3500 m) below the 
tropical ELA—a strong indication that an imbalance between rock uplift and fluvial erosion is 
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persistent in all of them. PH analysis further shows that these disequilibrium landscapes are 
routinely subject to glacial erosion, and that as rock mass passes through the ELA, glacial 
landscapes become progressively disconnected from fluvial erosion, and the ELA imposes an 
upper bound on landscape growth. Analyzed together, these tropical mountains show that glacial 
erosion limits mountain height where fluvial erosion has failed to do so—even in warm, rapidly 
eroding environments where the ELA and glaciations are restricted to the highest elevations. 
4.2 Introduction 
The height of non-glaciated mountain ranges is limited by erosion along rivers, with rock uplift 
steepening channels and accelerating channel incision until, in principle, both rates match and 
steady state is achieved. This mechanism ties mountain erosion to a low-elevation base-level, 
where channel incision abruptly switches to deposition. However, in many mountains there is a 
transition at high elevations from fluvial to glacial conditions, which introduces a second base 
level. This perched base level occurs close to the glacier equilibrium line altitude (ELA), below 
which subglacial erosion asymptotes to zero and simultaneously suppresses fluvial incision 
(Egholm et al., 2012). Above the glacial base-level, rates of glacier incision and coupled supra-ice 
rock-slope erosion may exceed rock uplift rates. Under such conditions, erosion down to the 
perched glacial base-level is the essential height-limiting mechanism.  
The concept of glacial limitation originated over a century ago (Penck, 1905). In the late 20th 
century, it was taken to an extreme, and reframed as the “glacial buzzsaw” hypothesis (Brozović 
et al. 1996). The glacial limitation hypothesis is rooted in the observation that mountain ranges 
high enough for Pleistocene glaciation do not usually rise much higher than the ELA (Fig. 4.1), 
and proposes that glacial erosion imposes a near-global topographic ceiling by cutting large swaths 
of terrain down to this elevation. Debate over the prevalence (or even existence) of glacial 
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limitation cuts to the core challenge of disentangling climatic and tectonic imprints on landscapes. 
The strongest proponents of glacial limitation have implied that erosion can outpace strong tectonic 
forcing once uplifted rock mass reaches the ELA—a climatically determined elevation. Detractors 
claim that the prevalence of glacial limitation has been overstated, and instead suggest that in most 
cases glaciations simply ornament uplifted terrain, rather than substantially erode it; such terrain 
remains at high elevations precisely because erosion is unable to keep pace with tectonically driven 
rock uplift (van der Beek et al., 2009; Hall and Kleman, 2014).  
Here, I present a new test of the hypothesis that the height of mountains with terrain above the 
ELA is set by a perched de facto glacial base-level. I focus on a group of tropical mountains where 
the total erosion budget is dominated by fluvial processes driven by and tightly linked to tectonic 
uplift. They are unaffected by recent volcanic construction, largely free of broad areas of internal 
drainage, and only encounter the ELA at high elevations. The rationale for these choices is that 
such mountains are particularly sensitive recorders of glacial limitation precisely because non-
glacial erosion processes have been imprinted on them so strongly. In other words, I assess the 
potential for glacial limitation in places where fluvial limitation is, a priori, most likely. I 
ultimately find evidence that fluvial erosion has been unable to limit the height of any of these 
mountain ranges, and that glacial erosion appears to be the height-limiting mechanism in nine of 
them. In the most marginally glaciated ranges, such as the Central Range of Taiwan and the 
Talamanca Range of Costa Rica, glacial and fluvial erosion work in tandem to limit range height 
to the ELA through a competition between glacial erosion during cold periods and fluvial erasure 
of glacial landscapes during warm periods – a process I term “glacio-fluvial limitation.” In 
contrast, the perched glacial base-level is fully preserved between glacial cycles in those ranges 
where the most rock mass has been advected through the ELA. This surprising result adds new 
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context to the glacial limitation hypothesis by showing that a glacial base-level is prevalent (at 
high elevations) even in the warmest environments on Earth.  
4.3 Structure of chapter  
 I begin this chapter by outlining the evidence for glacial limitation of mountain height in 
general, and by summarizing the debate over its prevalence. I specifically define glacial limitation, 
and then discuss how it has become muddled with the “glacial buzzsaw” hypothesis. I then recast 
the debate over the glacial buzzsaw hypothesis in terms of glacial limitation by asking whether a 












































































Figure 4.1: Hypsometric maximum of glaciated 1°x1° SRTM tiles (adapted from Fig. 2 of Egholm et al., 2009, 
data provided courtesy of V. Pedersen). Each tile is plotted by its approximate warm-phase (modern) ELA 
(wpELA; x-axis) and its hypsometric maximum relative to the cold-phase ELA (cpELA; y-axis); zero on the y-
axis indicates a hypsometric maximum at the cpELA, positive values indicate the total elevation of hypsometric 
maximum above the cpELA, and negative values indicate the total elevation of the hypsometric maximum below 
the cpELA. Glacial limitation is inferred for all SRTM tiles with a hypsometric maximum between the wpELA 
and cpELA (>=0 on y-axis). The tiles of tropical mountain ranges analyzed in this study are in green and labeled 
according to the scheme used in Figs. 4.3 and 4.5: (a) Leuser Range, Aceh (omitted here); (b) Central Range, 
Taiwan; (c) Talamanca Range, Costa Rica; (d) Crocker Range, Borneo (omitted here); (e) Finisterre Range, Papua 
New Guinea; (f) Owen Stanley Range, Papua New Guinea; (g) Merauke Range, Papua; (h) Mérida Range, 
Venezuela; (i) Sierra Nevada de Santa Marta, Colombia (omitted here); (j) Rwenzori, East Africa. The Leuser 
Range, Crocker Range, and Santa Marta were not included in the analysis by Egholm et al., 2009. 
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suite of ten tropical mountains, many of which bear evidence of only minor glaciation, could be 
glacially limited. To address this question, I implement the Progressive Hypsometry (PH) 
algorithm in these mountain ranges. I argue that the results of PH analysis provide evidence for 
the establishment of a glacial base-level in nine of them. Furthermore, the PH results show that 
none of the most marginally glaciated mountain ranges are in a steady state balance between rock 
uplift and fluvial erosion. I conclude with a discussion of how PH analysis reveals that glacial 
erosion can, and often does, limit mountain height where fluvial erosion has failed to do so. Last, 
I propose a new way to interpret the topographic signature of glacial limitation.   
4.4 The glacial limitation hypothesis 
4.4.1 What does glacial limitation of mountain height mean? 
Glacial limitation refers to the establishment of a perched, glacial base-level. This base level 
marks a position in the glacier system below which subglacial erosion becomes ineffective. It 
generally occurs close to (but below) the ELA, where ice flow—and consequently subglacial 
erosion—slows and asymptotes to zero, and thick sediment accumulates at the glacier bed, 
providing a protective cover for bedrock (Egholm et al., 2009; Egholm et al., 2012). The presence 
of ice and the deposition of glacially-eroded sediment in valley floors suppresses fluvial incision 
both during and after glaciation, and effectively disconnects glacial landscapes from the 
downstream rate of fluvial incision (Fig. 4.2). The glacial base-level shares some characteristics 
with fluvial base-level, but due to its top-down (climatic) control, it limits landscape growth in a 
fundamentally different way. In fluvially limited mountain ranges, the entire landscape erodes at 
a rate that is set by external base-level fall. Perturbations to external base-level are communicated 
along river channels as waves of incision that travel upstream. In contrast, the glacial base-level 
(approximately the ELA) intersects the landscape at a high elevation. It is an internal, distributed 
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base-level: it marks an elevation around which glacial erosion begins once sufficient rock mass 
rises above it. Relative glacial base-level fall (rock uplift above the ELA) is not communicated 
along a channel network, but is instead felt immediately wherever the ELA intersects the 
landscape. The topographic record of this perched base level under sustained rock uplift is an 
expansion of the landscape along the ELA.  
4.4.2 Topographic signatures of fluvial limitation and glacial limitation  
The distributed, high elevation glacial base-level shapes the landscape in a fundamentally 
different way than the fluvial response external base-level fall. Fluvial landscapes trend toward a 
steady state balance between river channel incision—which is tightly coupled to water and 
sediment flux—and rock uplift. As mentioned above, in steady state, channel slope steepens as 
surface area diminishes with increasing elevation above the external base-level, giving rise to a 
monotonic relationship between channel slope and surface area. In principle, the degree to which 
fluvial landscapes have reached a steady state balance between rock uplift and erosion—in other 
words, the degree to which fluvial limitation has been established—can be assessed on the basis 
Figure 4.2: Fluvial limitation vs. glacial limitation schematic (Cunningham et al., 2019) (A) Fluvial limitation: 
vertical erosion rate vs. elevation in steady state, fluvially-limited regime. Black line: slow rock uplift; red line: 
fast rock uplift. The rate of rock uplift sets steady-state peak elevations (closed circle) at different elevations. 
Warm-phase ELA (wpELA) and cold-phase ELA (cpELA) are indicated for reference but are irrelevant in this 
scenario. (B) Glacial limitation, with glacial base-level below the cpELA. Black line: erosion rate profile, with 
significant glacial influence at high elevations. Peak elevations reach above the cpELA but are tied to glacial 
incision near this elevation. (C) Glacio-fluvial limitation. Blue line: erosion rate profile during glacial periods, 
similar to (B). Red line: interglacial erosion rate profile, characterized by headward migrating escarpment (along 
dashed line above erosion rate profile). During interglacials, erosion in previously glaciated landscapes is 
ineffective (dashed line, left hand side).  
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of channel geometry and slope-area scaling (e.g., Whipple and Tucker, 1999). These topographic 
indicators of height limitation do not apply to glacially limited mountains. Instead, the position of 
the glacial base-level is distributed throughout the landscape, and glacial limitation results in the 
growth of terrain along the ELA as rock mass passes through it. It is best expressed in hypsometry, 
the frequency distribution of elevation.  
Despite these important differences between the geomorphic expression of fluvial and glacial 
limitation, contemporary proponents of glacial limitation have attempted to draw a direct analogy 
between them (Egholm et al., 2009). In the fluvial case, channel slope decreases as the low 
elevation base-level is approached, and the base-level elevation itself is often characterized by 
broad, low-gradient depositional plains. A common inference has been that the imprint of the 
perched-glacial base level on the landscape should thus coincide with a zone of low-gradient near 
the ELA. This inference originated with the groundbreaking work of Brozović et al. (1996, 1997), 
who used hypsometry to demonstrate a glacial limit on landscape relief in the northwest Himalaya. 
They found a striking coincidence between the hypsometric maximum (modal elevation) of several 
large provinces in the northwest Himalaya and the ELA, and concluded that flattening of the 
landscape by headward glacial erosion produced this pattern. The height-limiting mechanism of 
headward glacial erosion was originally referred to as the “glacial buzzsaw” (Brozović et al., 
1996). It has since been assumed that the link between the landscape modal elevation and the ELA 
arises from flattening of the landscape near the ELA, and furthermore, that such flattening of the 
landscape is the ultimate topographic signal of glacial limitation (Egholm et al., 2009; van der 
Beek et al., 2009).  
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4.4.3 The “glacial buzzsaw” hypothesis vs. glacial limitation 
The strategy of representing the landscape as a one-dimensional elevation profile (see Chp. 3) 
makes large-scale landscape analysis tractable. Doing so in the context of glacial erosion has also 
proven convenient, since the transition from fluvial to glacial erosion should be marked by a break 
in the valley gradient near the ELA (Anderson et al., 2006), presumably indicative of a perched 
glacial base-level. The proponents of the glacial buzzsaw hypothesis have further claimed that 
hypsometry faithfully reflects this transition in valley gradient. In doing so, they inadvertently 
oversimplified the effect of the perched glacial base-level on both conceptual and observational 
fronts. First, glacial erosion only flattens landscapes insofar as low-gradient trunk valley floors 
propagate headward into the landscape (Shuster et al., 2011). Glacial valleys are instead 
characterized by dramatic relief, and vertical glacial incision has been so powerful is some places 
that it has perturbed the crustal thermal structure (Thomson et al., 2010; Valla et al., 2011; 
Margirier et al., 2016). Thus, its dominant effect on the landscape can hardly be described as relief-
reducing. The distinction is of critical importance. Evidence has mounted that in many cases, low-
relief terrain found at high elevations is unrelated to glacial “buzzcutting.” Instead, many 
landscapes purported to be remnants of the glacial buzzsaw are instead remnants of low-relief 
paleosurfaces that have been advected to high elevations, and thus do not owe their genesis to 
glacial erosion (van der Beek et al., 2009; Hall and Kleman, 2014). In these instances, some 
researchers have cast doubt on the possibility of glacial limitation at all because the proposed 
mechanism of the glacial buzzcutting—the in situ carving of low-relief terrain—has been 
disproven.  
It has only recently been pointed out that glacial limitation does not require a glacial buzzsaw 
(Zhang et al., 2016). If fluvial erosion has been unable to remove disequilibrium low-relief 
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topography that is disconnected from fluvial base-level as it rises toward the ELA, glacial 
limitation is still viable: in fact, glacial limitation is eminently more possible than fluvial limitation 
in these cases precisely because glacial erosion is not linked to an external base-level. Glacial 
erosion can prevent such disequilibrium terrain from rising higher. Alternatively, fluvial limitation 
requires that disequilibrium terrain is reconnected to fluvial base-level through knickpoint 
propagation or drainage capture, a process that may be inefficient enough to allow mountains to 
grow to high elevations in the absence of glaciation.  
A second problem is the conventional understanding of how glacial limitation is expressed in 
topography, specifically the conflation of the landscape modal elevation with the presence of low-
gradient terrain. Hypsometry is sensitive to the scale of measurement, and is not a faithful recorder 
of low-gradient terrain. Granted, at large (e.g., mountain range) scales, large, low-gradient areas—
such as orogenic plateaus at relatively high elevations and alluvial fans at fluvial base-level—will 
give rise to significant modal elevations. In the absence of anomalously low-gradient terrain, the 
position of the modal elevation is a function of the landscape relief.  Within the domain of 
hypsometric analysis, the modal elevation will sit above the lowest sampled elevation at a height 
that is determined by the dominant relief structure of the landscape. In other words, the modal 
elevation can generally only be interpreted with respect to the lowest elevation in the domain of 
analysis (see Chp. 3). More specifically, when the domain of analysis is partitioned into large 
catchments, the relief between the modal elevation and minimum elevation is sensitive to two 
scales: the relief of valleys and the maximum relief of subcatchments that make up the landscape 
(Chp. 3). Absent context, a modal elevation observed within the span of ELA fluctuation is difficult 
to interpret. However, a match between the landscape modal elevation and the ELA is consistent 
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with the establishment of a glacial base-level, since it is the growth of terrain at the ELA that is 
ultimate expression of the perched glacial base-level. 
4.4.4 Does glacial limitation work in the tropics? 
The observation that the modal elevations of mountain ranges commonly coincides with the 
ELA, especially over an ELA span of ~5 km, is striking. It is this coincidence that has been used 
to assert that glacial limitation requires the creation of low-gradient terrain near the ELA (Brozović 
et al., 1997; Brocklehurst and Whipple, 2004; Brocklehurst and Whipple, 2007; Mitchell and 
Montgomery, 2006; Foster et al., 2008; Egholm et al., 2009). Detractors claim that this observation 
is insufficient evidence of a glacial limitation for two reasons: 
i) It is apparent that low-relief landscapes that become disconnected from external base-
level can reach the ELA (van der Beek et al., 2009; Hall and Kleman, 2014), and thus, 
low-relief terrain near the ELA could very well have nothing to do with glacial erosion. 
ii) Glacial erosion should generate, and not reduce, relief through valley incision (Valla 
et al., 2011), and thus a preponderance of mountain ranges with low-relief terrain near 
the ELA is not necessarily expected if glacial erosion is the height-limiting mechanism.  
In this chapter, I argue that the coincidence of modal elevations and the ELA, the uplift of low-
relief surfaces disconnected from low-elevation base-level, and glacial valley incision are all 
consistent with glacial limitation, that is, with the growth and development of a perched glacial 
base-level. I do so by focusing on tropical mountain belts, where I implement the Progressive 
Hypsometry algorithm (PH), detailed in Chp. 3.  
Even though glacial erosion was prevalent throughout the tropics during the Last Glacial 
Maximum (LGM) and likely throughout the Pleistocene (Mark et al., 2005; Hastenrath, 2009), 
glacial limitation has not been considered for most tropical mountains for a number of reasons. 
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First, mountain range hypsometry shows that most tropical mountains are characterized by very 
little area near the lower-limit of the Pleistocene ELA, and instead tend to have significant 
hypsometric maxima several kilometers below it (Fig. 4.1). Since most of these mountains are 
ridge-and-valley landscapes dominated by fluvial incision, it is reasonable to assume that if glacial 
erosion has taken place at all, it has only affected isolated portions of the mountain range. A similar 
rationale is that these mountain ranges need to be well above 3000 m for cold-phase glacial erosion 
at all, and thus most glacial landscapes in the tropics sit above quickly eroding highlands tied to 
fluvial base-level.  
It is for precisely these reasons that I propose tropical mountains will be a sensitive recorder 
of glacial limitation. Specifically: 
(i) High rates of rainfall and rapid rates of fluvially-driven erosion should allow many 
tropical mountain ranges to maintain a tight connection to fluvial base-level. Examples 
of this tight base level connection have been demonstrated for mountain ranges such as 
the Central Range of Taiwan and the western end of the Finisterre Range of Papua New 
Guinea, which are thought to be close to a steady state balance between rock uplift and 
fluvial erosion (Hovius et al., 1998; Willett and Brandon, 2002; Dadson et al., 2003; 
Stolar et al., 2007). In combination with the high ELA, it should be relatively 
straightforward to distinguish between fluvial base-level and a much higher glacial 
base-level control in these mountain ranges. 
(ii) The tropical climate is largely homogenous compared with that in the higher latitudes 
(Bradley et al., 2009; Mackintosh et al., 2017), and the ELA maintains a relatively 
consistent position on geographically widespread basis. For most tropical mountain 
ranges, the cpELA has been between 3400-4000 m, and thus a glacial base-level, if it 
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is present, can be easily compared across several mountain ranges, with widely 
different tectonic and structural-lithologic settings, as I describe below.  
(iii) The wpELA is particularly high in the tropics, and very few tropical mountains are 
glaciated today. The most geomorphically important ELA in many tropical mountains 
is therefore the cpELA. Unlike many mid-latitude glaciated landscapes, where glacial 
erosion takes place during and after the transition from glacial to interglacial periods 
(Porter, 1989) many tropical mountains are subject to glaciation only during glacial 
periods. 
The goal of this chapter is thus to assess whether tropical mountain ranges show signs of glacial 
limitation even though they are strong candidates for fluvial limitation. The research strategy is to 
evaluate whether a glacial base-level has disconnected glacial and fluvial landscapes, and limited 
mountain height at the cpELA.  
4.5 Study sites 
4.5.1 Site selection 
Seeking to assess broadly the potential for glacial limitation in tropical mountain ranges, I 
reviewed all those ranges close to the height of the cpELA. Within this broad selection, I sought a 
subset uncontaminated by processes that would distort or complicate any signal of glacial 
limitation. The potential for such confusion is strongest in the Peruvian/Bolivian Andes, the Sierra 
Madre of Mexico and Guatemala, the central highlands of Papua New Guinea, all of which are 
characterized by large, internally drained plateaus disconnected from external base-level; as such, 
these regions were excluded from the analysis. Volcanism is another complicating factor, in that 
glaciated volcanoes have undergone a mix of construction and erosion that cannot easily be 
disentangled. Therefore, glaciated volcanoes such as those in East Africa (Mt. Kilimanjaro and 
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Mt. Kenya) and Papua New Guinea (Mt. Giluwe) were excluded from our analysis. A final 
constraint was that each range must be circumferentially well-connected to external base-level 
(sea-level or lake-level) by relatively short fluvial links. The following ten tropical mountain 
ranges remain and were selected for analysis (Fig. 4.3): 
1) Leuser Range, Aceh, Indonesia 
2) Central Range, Taiwan 
3) Talamanca Range, Costa Rica 
4) Crocker Range, Borneo 
5) Finisterre Range, Papua New Guinea 
6) Owen Stanley Range, Papua New Guinea 
7) Merauke Range, Papua 
8) Mérida Range, Venezuela 
9) Sierra Nevada de Santa Marta, Colombia 
10) Rwenzori Mountains, East Africa 
4.5.2 Comparing the ELA across the tropics 
The glacial landscapes of many tropical mountain ranges have gone unstudied, and in many of 
them the ELA is not known precisely. However, in places where rigorous work has been done to 
establish the position of the cpELA, it is usually between 3400-4000 m (see Mark et al., 2005 for 
summary). To compare the topography of tropical mountains to the cpELA, I used a cpELA range 
of 3400-4000 m. This vertical range of cpELA is also similar to that observed in particularly wide 
mountain ranges, where the position of the cpELA appears to have varied as a function of climatic 
gradients (e.g., Merauke Range, Papua: Prentice et al., 2005; Mérida Range, Colombia: Stansell et 
al., 2007). There are important exceptions to this vertical cpELA range, such as the Cordillera 
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Blanca and Cordillera Negra of Peru, where the cpELA may have been has high as 4500 m (e.g., 
Smith and Rodbell, 2009). The difference likely arises from the intense aridity of the Peruvian 
highlands, apparently driven by the uplift of the Peruvian Altiplano. For this reason, extreme 
examples of internally-drained landscapes were excluded from this analysis.  
I specifically use the term cpELA to emphasize that the ELA has repeatedly descended to 
roughly this elevation in tropical mountain ranges during glacial periods in the Late Pleistocene 
(e.g., Farber et al., 2005; Barrows et al., 2011), regardless of whether mountains were high enough 
to intersect it. Importantly, the cpELA may not be strictly interchangeable with the gLGM ELA, 
since the timing of the local LGM may have varied substantially (10-20 kyr) in the tropics and 
subtropics. Furthermore, ELA estimates are based on geomorphic reconstructions that ignore 
tectonics. As such, they are potentially biased towards higher elevations by post-glacial rock uplift. 
Where glacial landforms are dated to the LGM such bias is likely negligible. When age constraints 
are lacking, and an LGM age for the glacial landscape is in doubt, ELA estimates may be 
influenced by pre-LGM glacial landforms subject to rock uplift for longer periods of time: in these 
cases, the risk of bias towards higher elevations (>100 m) is significant. However, the goal is to 
assess whether mountains prone to glaciation have been limited by glacial erosion, regardless of 
when or at what elevation such erosion took place. As long as the cpELA has repeatedly descended 
to a similar elevation during the late-Pleistocene, error in its estimation on the scale of hundreds 
of meters is too small to compromise any assessment of whether mountain height has been limited 
at an elevation of several kilometers.  
On a global basis, the ELA of interglacial periods (which for convenience I term the “warm-
phase” ELA or wpELA) has generally been 800-1000 m above the cpELA (Porter, 1989; Broecker  




Figure 4.3: Selected tropical mountain ranges (A-J) SRTM DEM of selected tropical mountain belts. 
Yellow-green through red spans elevations 0-3400 m. Dark blue to light blue is 3400-4500 m (tropical 
cpELA to wpELA). Black polygons circumscribing each range indicate bounds for hypsometric analysis 
in Fig. 4.5.  
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and Denton, 1989). I consider the wpELA to be broadly interchangeable with the modern ELA, 
although warming and commensurate glacier retreat during the late 20th century complicates the 
definition of the modern ELA. Four of our ten selected mountain ranges are currently glaciated 
and thus intersect the wpELA: the Merauke Range, the Rwenzori Mountains, the Sierra Nevada 
de Santa Marta, and the Mérida Range. In the Merauke Range, the only remaining glacier is the 
Carstenz Glacier, where Allison and Kruss (1977) and Prentice et al. (2005) both estimated a 
modern ELA of 4650 m using aerial photographs (Prentice et al. (2005) found that ice loss has 
accelerated at the Carstenz Glacier since the 1970s, and suggested that the most reliable modern 
ELA estimate was based on 1972 imagery). In the Rwenzori Mountains, Kaser and Osmaston 
(2002) compiled aerial photographs and observations from several field expeditions to map 
changes in glacier extent between 1955 and 1990. They used field mapping and aerial photographs 
from the 1950s and 1960s to estimate a modern ELA of 4600-4700 m. They noted that ice loss has 
also accelerated in the Rwenzori during the study period. Less work on wpELA estimation has 
been done in the Sierra Nevada de Santa Marta. Wood (1970) mapped glacier extent there using 
aerial photographs acquired in 1969. He compared his results to the mapping efforts of the 1939 
Cabot Expedition (Cabot et al., 1939) and demonstrated significant ice retreat during this time. No 
wpELA estimate was provided. Modern glaciers are presently less than 2 km2 in the Mérida Range 
(Stansell et al., 2007) and have been steadily shrinking throughout the 20th century (Schubert et 
al., 1992). Stansell et al. (2007) used the elevation of the 0° isotherm to broadly constrain the 








4.6.1 Assessing glacial limitation with mountain range-scale hypsometry 
Hypsometry has been the primary tool used to assess the prevalence of glacial erosion (Egholm 
et al., 2009; Sternai et al., 2011). A strong modal elevation within the bounds of Late Pleistocene 
ELA fluctuation has been observed where glacial erosion has affected most of the landscape. To 
assess the prevalence of glacial erosion in tropical mountains, I first implemented hypsometric 
analysis on the large scale. Previous analyses have segmented the landscape into arbitrary swaths 
(e.g., Foster et al., 2008) or 1°x1°latitude/longitude tiles. These prior analyses have the benefit of 
simplicity, and the latter in particular is an effective way to randomly sample the elevation 
distribution of the landscape. However, doing so often segments the landscape in such a way that 
complicates geomorphic interpretation. For example, tiles often segment the landscape across 
drainage divides, and focus hypsometric analysis on only one flank of the targeted mountain range. 
To address this problem, I clipped the DEM of each mountain range by manually tracing a 
bounding polygon along each range front (Figure 4.3), ensuring that both flanks of each range 
were included in the domain of analysis, and then calculated the hypsometry of each (Figure 4.5).  
4.6.2 Assessing glacial limitation with Progressive Hypsometry 
For the reasons discussed is Sec. 4.4.3, such blunt styles of hypsometric analysis may obscure 
the influence of the glacial base-level in the tropics. A proper test of glacial limitation in these 
mountain ranges must address whether glacial landscapes have been subject to an erosional switch 
upon crossing the ELA and have thus been freed from influence of fluvial base-level forcing, 
resulting in their disproportionate growth at the ELA. The PH algorithm, described in Chp. 3, 
provides precisely the means by which to carry out such a test. The algorithm describes how 
catchment hypsometry varies with elevation. Catchment hypsometry is ultimately sensitive to the 
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dominant relief scales of the landscape, including the valley relief and maximum catchment relief; 
the algorithm identifies these two scales. It also identifies catchments characterized by relief that 
exceeds these characteristic scales. Such catchments are found at various elevations, and include 
low-relief, perched landscapes subject to drainage reorganization as well as escarpments that 
border them. In general, the PH algorithm identifies elevation bands that deviate from the dominant 
pattern of landscape organization. 
The primary function of the algorithm is the identification of change points in landscape 
hypsometry referenced to the channel network (see Chp. 3 for full discussion). First, the landscape 
is divided into a subset of large catchments—termed supercatchments—that extend from a low-
elevation reference point (near fluvial base-level) to the top of the main drainage divide of a given 
mountain range. The channel network is delineated within the supercatchment. Next, each channel 
thread of the supercatchment is used to generate a chain of pixels, along which a set of 
subcatchments draining to an iteratively rising outlet elevation are delineated. The algorithm then 
calculates the hypsometry of each subcatchment (Fig. 4.4A). In Chp. 3, I demonstrate that the 
subcatchment modal elevation remains largely invariant over large stretches of the channel 
network, and usually only changes across major tributary junctions. I therefore record the modal 
elevation and outlet elevation of subcatchments just above change points in the modal elevation 
(Fig. 4.4B). The algorithm uses these modal elevation/outlet elevation pairs to define a set of relief 
scales, termed ∆h, which is the relief between the modal elevation and outlet elevation at the lowest 
point on the channel network where the modal elevation is observed.  
As discussed in Chapter 3, ∆h provides two ways to characterize the landscape:  
i) Scales of relief (∆h; Table 3.1): Equilibrium catchments are characterized by two 
scales: a) the valley relief, which is set by the maximum relief of valley walls b) the 
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overall catchment relief. For the purposes of assessing glacial limitation, the overall 
catchment relief is the most important. This scale represents a maximum relief that is 
imposed uniformly throughout the landscape, and is only exceeded when the geometry 
of the high elevations of a catchment are dissimilar to lower elevation subcatchments, 
which should be observed if glacial limitation has occurred. Importantly, even when 
one segment of the landscape has anomalously high ∆h, it is still possible to deduce the 
catchment-scale ∆h, since many other subcatchments will be characterized by this 
value.    
ii) Anomalous landscapes (Anomalous ∆h): When connection to external base-level 
forcing is maintained, the landscape is organized into self-similar catchments, and the 
catchment-scale ∆h is observed across a large span of elevations. Segments of the 
landscape that are disconnected from external base-level forcing can break this pattern. 
For example, competition between catchments can introduce local changes in 
catchment geometry: drainage captures elongate contours along a single elevation 
band, as can aggressive divide migration. In the glacially-limited case, glacial 
landscapes should grow along the ELA as a function of the introduction of a glacial 
base-level near this elevation and the disconnection with fluvial base-level forcing. PH 
identifies the catchment and elevation band along which this break in landscape self-
similarity occurs, which, in the case of glacial limitation, should be near the ELA (Fig. 
4.4C).   
PH analysis of glaciated tropical landscapes thus stands to provide a test of whether a glacial 
base level has been introduced at the high elevations of these steep mountains. Furthermore, it also 
allows a direct comparison with the state of fluvial landscapes below the ELA. I applied the PH 
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algorithm (using the same parameters outlined in Chp. 3) to each of the selected tropical mountain 
ranges. I used the results of the algorithm to identify landscapes with modal elevations near the 
ELA, and focused on those with the greatest ∆h (whether anomalous or not). I then mapped the 
modal elevation contours associated with the strongest modal elevations at the cpELA to visually 




Figure 4.4:  Summary of Progressive Hypsometry (PH). (A) Same as Chp. 3, Fig. 3.3b. Each point represents a catchment 
found along a single channel chain, which has an outlet along the x-axis. Y-axis is the modal elevation for each of these 
subcatchments. To compare the pattern of modal elevation across a large number of chains, only the lowest outlet elevation 
at which a given modal elevation is observed is considered (red points A1-A4). The difference between modal elevation 
and outlet elevation at these points is termed ∆h.  (B) PH on the scale of a supercatchment. Jumps in modal elevation for 
each chain in a single supercatchment are plotted corresponding to the outlet elevation at which the jump occurs. Red points 
are same as A. Modal elevations are described as “strong” when they have a particularly high ∆h. (C) Same as B, except 
for all chains in entire mountain range (Talamanca Range, Costa Rica). The goal of the present analysis is to assess the 
strength of modal elevations at the cpELA. (D-E) Mapping of modal elevations on the landscape. I map the contours of 
modal elevations (ex. modal elevation of a4) and the largest catchments in which they are observed (ex. outlet elevation at 
A4). I color all modal elevations at cpELA in blue, to aid in the identification of glacial landscapes. PH modal elevation in 
e is mapped on SRTM DEM, and in Google Earth in E.  
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4.6.3 Comparing PH analysis with channel steepness index 
 The selected mountain ranges were chosen, in part, on the basis that they were likely to exhibit 
a strong coupling between rock uplift and channel incision. The absence of large, internally-
drained plateaus, (e.g., the Puna Altiplano) and the close proximity of the main divide to external 
base level are indications that such a strong coupling between rock uplift and channel incision is 
possible in these mountain ranges. However, whether such a steady state has been attained in any 
of them is an open question. The Central Range of Taiwan has long been considered the archetypal 
example of a steady state mountain range (Suppe, 1981; Willett and Brandon, 2002; Stolar et al., 
2007), but recent work demonstrating persistent drainage rearrangement (Willett et al., 2014) and 
a post-1 Ma acceleration in exhumation rate (Hsu et al., 2016) along the entire strike of the range 
have been cited as evidence that a steady state balance between rock uplift and erosion is unlikely.  
The central goal of PH analysis is to describe the significance of glacial erosion above steep 
fluvial channel networks, and thus some initial assessment of the state of these channel networks 
is necessary. To this end I compared the results of PH analysis to the channel steepness index for 
each mountain range. The central assumptions of the channel steepness index, ksn, are described in 
Chp. 3 (eq. 1-3). The premise is that steady state river channels should exhibit a monotonic 
relationship between steepness and drainage area (Kirby and Whipple, 2001), such that 
equilibrium channel slope should take the form: 𝑆 = 𝑘9+𝐴K                                                                                                                                  (1)  
where channel steepness S scales with upstream drainage area as a function of the channel 
concavity θ. The channel steepness index, ksn has been shown to broadly correlate with erosion 
rate (Ouimet et al., 2009; Dibiase et al., 2010; Kirby and Whipple 2012) and has been widely used 
to identify zones of transience in channel networks, including knickzones (e.g., Wobus et al., 2006) 
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and the presence of disequilibrium, low-relief topography (e.g., Morell et al., 2012). I use the 
channel steepness index here to assess the topographic character of each selected mountain range. 
I specifically use the channel steepness index to compare the topography surrounding glacial 
landscapes, and to add context to the patterns identified by PH analysis.  
 I extracted the channel network for each mountain range using a channelization threshold of 
0.5 km2. I chose to assert a reference concavity θ of 0.45 in order to maintain consistency with 
prior work on some of the selected mountain ranges (Morell et al., 2012; Willett et al., 2014) as 
well as other studies worldwide (Ouimet et al., 2009; Wobus et al., 2006). I present the channel 
steepness index ksn for each channel network, smoothed using a moving average with a window of 
1 km in order to filter noise associated with error in the DEM, as is standard practice (e.g. Wobus 
et al., 2006). The results for each mountain range are plotted according to the same color scheme, 
which is similar to those used by analyses on similar mountain ranges (Morrell et al., 2012; 
Whipple and Gasparini, 2014).  
4.7 Results 
4.7.1 Range-scale hypsometry of tropical mountains 
In Fig. 4.5A2-J2 I compare the range-scale hypsometry of each of the selected mountain ranges 
to the tropics-wide cpELA band, 3400-4000 m (dark blue band). I also indicate the zone in between 
the cpELA and wpELA, at ~4500 m in most tropical mountain ranges with a light blue band. Most 
of the selected ranges show that the fractional area occupied by each elevation band decreases 
steadily with increasing altitude, although in some cases, such as the Finisterre Range (Fig. 4.5E2), 
topographic plateaus are evident at high elevations and are recorded as secondary hypsometric 
maxima. In some cases, the highest elevations fall within the bounds of the tropical cpELA, and 
in other cases peaks extend far above it, but none of these mountain ranges has a significant 
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hypsometric maximum at or above the cpELA. In other words, each range was high enough for 
cold-phase glacial erosion (with the exception of the Leuser Range), and yet the extent and 
prevalence of glaciated landscapes in all of them appears small relative to the size of fluvial 
landscapes.   
4.7.2 Glacial landscapes identified with Progressive Hypsometry 
PH analysis indicates that catchments with a modal elevation within the span of the cpELA are 
present in nine of the ten mountain ranges analyzed (Fig. 4.5A1-J1). Assessment of high-resolution 
satellite imagery and topography of these landscapes confirms that most bear evidence of glacial 
erosion (e.g. Chp. 2, Fig. 2.4). Many of these glacial landscapes have been described previously, 
but others have received little or no attention. Glacial morphologies are nevertheless apparent in 
satellite imagery in all landscapes with a strong PH modal elevation (high ∆h) at the cpELA. It is 
important to note that even though the glacial landforms in many of these mountains have been 
the focus of previous work, virtually no prior study has compared their topographic structure on a 
global basis, aside from Egholm et al. (2009), who found no systematic relationship between the 
hypsometry of tropical mountains and the ELA. PH analysis provides a new way to contextualize 
the influence of glacial erosion in these mountain ranges that is otherwise difficult to discern. It 
also highlights significant variability in the prevalence of glacial erosion throughout the tropics. In 
some mountain ranges, such as the Central Range of Taiwan, the Crocker Range, the Talamanca 
Range, and the Finisterre Range, glacial influence is apparently minor, and has only affected 
isolated, high elevation catchments (Fig. 4.5B1-E1). In contrast, glaciated valleys with PH modal 
elevations at the cpELA have anomalously high ∆h within their respective supercatchments in the 
Merauke Range, the Sierra Nevada de Santa Marta, the Mérida Range, and the Rwenzori 
Mountains (Fig. 4.5G1-J1). Only the Leuser Range shows no apparent signs of glacial action (Fig. 




I next examine those subcatchments with a modal elevation at and above the tropics-wide, 
cpELA zone of 3400-4000 m in each mountain range. I focus primarily on those catchments with 
the strongest PH modal elevations (highest ∆h) at and above the cpELA. I compare the strength of 
modal elevations at the cpELA in glacial landscapes to the channel steepness of flanking fluvial 
networks as well as to other significant PH modal elevations below the cpELA. The ∆h of PH 
modal elevations at the cpELA can vary substantially between supercatchments, possibly 
indicating differences in the topographic structure of rock mass advected through the cpELA, the 
local efficacy of glacial erosion, or fluvially-driven scarp encroachment. I highlight that such 
behaviors can only be discriminated on the scale of individual supercatchments, rather than on the 
scale of the entire mountain. Below, I divide the results of PH analysis into two groups:  
(i) marginally glaciated mountain ranges, in which PH modal elevations at the cpELA are 
nested inside larger, unglaciated catchments and  
(ii) heavily glaciated ranges, where glacial landscapes at (and sometimes above) the 
tropics-wide cpELA dominate the PH of entire supercatchments.  
I then use the PH of individual supercatchments to assess the relationship between glacial 
landscapes and the fluvial networks flanking them. 












I first describe each marginally glaciated mountain range: the Crocker Range, Central Range 
of Taiwan, the Talamanca Range, the Finisterre Range, and the Owen Stanley Range (Fig. 4.5B-
E). I address each mountain range in order of increasing prevalence of glaciation, starting with the 
Crocker Range in Borneo, where glacial erosion has been limited to a single isolated peak, and 
concluding with the Owen Stanley Range, where glacial erosion has left a prominent imprint on 
one massif, and may show signs of an emerging, long-term disconnection from fluvial incision. 
The glacial landscapes of each of these mountain ranges share some common characteristics. First, 
PH modal elevations associated with these glacial landscapes are never observed below ~1500 m 
on the channel network (with a single important exception in the Owen Stanley Range), an 
indication that only isolated segments of the supercatchments they occupy are glaciated. Next, 
glaciated areas are relatively small and prone to attack by fluvially-driven escarpments. Fluvially-
driven scarp encroachment of glacial landscapes is apparent in each of them, and in some cases, 
fluvial escarpments are associated with a PH modal elevation at the cpELA. Last, none of these 
mountain ranges have peaks that rise more than ~300 m above the cpELA.  
 The remaining mountain ranges, the Rwenzori Mountains, the Mérida Range, the Sierra 
Nevada de Santa Marta, and the Merauke Range (Fig. 4.5F-J), are all characterized by PH modal 
elevations at the cpELA with outlet elevations at their respective mountain range fronts, at 150-
250 m. Glacial landscapes are much larger, and the patterns of glacial erosion far more complex, 
in these mountain ranges than in the marginally glaciated mountain ranges. In several instances, 
Figure 4.5 (above): PH and mountain range-scale hypsometry for selected mountain ranges (Fig. 4.3). (A1-J1): 
Progressive hypsometry for each mountain range. Each point is a catchment with associated modal elevation (y-axis) 
and outlet (x-axis). Dark blue points are those catchments with a modal elevation within the range of the tropical 
cpELA (3400-4000 m). Light blue points range from the top of the cpELA up to the tropical wpELA (4500 m). (A2-
J2): Mountain range hypsometry. Dark blue and light blue boxes match the elevation range of dark blue and light 
points in A1-J1. Note that axes are consistent for all mountain ranges except I1-2. The Sierra Nevada de Santa Marta 
is the only mountain range that reaches substantially above 5000 m. Figure presented in Cunningham et al. (2019). 
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PH modal elevations rise several hundred meters above the tropics-wide cpELA. In some cases, 
these mountain ranges are so large that climatic gradients (e.g., gradients in cloud cover) may drive 
significant differences in the position of the cpELA. However, PH analysis indicates that pre-
existing erosional dynamics can influence the pattern of glacial erosion locally, and it difficult to 
distinguish whether landscapes above the tropics-wide cpELA are responsive to a locally higher 
ELA or whether rock uplift has outpaced the rate of glacial erosion. 
I begin with Rwenzori Mountains and Mérida Range, where glacial landscapes almost entirely 
within the tropics-wide cpELA band (3400-4000 m) dominate the hypsometry of the entire 
mountain range. No significant PH modal elevations rise above the cpELA band in these two 
mountain ranges, even though high, isolated peaks sustain small glaciers in both of them today. I 
next describe the Sierra Nevada de Santa Marta of Colombia and the Merauke Range of New 
Guinea. In both places, large glacial landscapes have PH modal elevations within the tropics-wide 
cpELA band, but isolated catchments have significant PH modal elevations above the cpELA. In 
these mountain ranges, I present these results in the context of pre-existing topographic patterns 
driven by asymmetric fluvial erosion.  
4.7.3 PH in marginally glaciated landscapes 
4.7.3.1 Crocker Range, Borneo 
The smallest glacial landscapes in the ten selected tropical mountain ranges are observed at 
Mt. Kinabalu in the Crocker Range (Figs. 4.6-4.7). A single glacial valley emanates from the 
northern peak of Mt. Kinabalu, where Stauffer (1968) and Hope (2004) described evidence of 
glacial scouring (Fig. 4.7A-B), which disappears abruptly below 3650 m. Glacial ice may have 
terminated as low as 2900 m (Stauffer, 1968; Prentice et al., 2011). However, ice would have 
spilled into Lows Gulley, a deep, steep, narrow, fault-controlled fluvial valley flanking the main 
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plateau (Fig. 4.6B, 4.7E4). It has been suggested that fluvial erosion has removed most glacial 
remnants along this valley (Stauffer, 1968), making it difficult to estimate the lower ice limit. Steep 
escarpments flanking the glaciated plateau at Mt. Kinabalu are apparent in both anomalously high 
channel steepness (Fig. 4.6A), bordering the plateau as well as in satellite imagery, which shows 
clear evidence of rapid landsliding along the plateau margin (Fig. 4.7C). These escarpments all 
share a PH modal elevation at the cpELA (Fig. 4.6C1,D1, E1-2). Previous authors have suggested 
that slopes in these catchments would have been too steep to sustain glacial ice (Stauffer, 1968; 
Hope, 2004). I infer that these modal elevations most likely originate in catchment growth near 
the cpELA due to headward erosion into the glaciated plateau. Similarly, Lows Gulley (Fig. 6E4) 
is associated with a high ∆h-PH modal elevation at 2930 m. This PH modal elevation has likely 
developed through scarp encroachment of the glaciated landscape. 




Figure 4.7: Imagery of PH of glaciated supercatchments 
in the Crocker Range, Borneo. (A) PH modal elevation 
contour (blue) at the cpELA at Mt. Kinabalu (point E3 in 
Fig. 4.6). Lows Gulley PH modal elevation contour in 
brown, at 2950 m (Fig. 6E4). Note warping of PH modal 
elevation contour in Google Earth. (B) Field photo of St. 
John peak (4097 m) at Mt. Kinabalu, published in 
Prentice et al. (2011). Several authors have described 
glacial sculpting of the Mt. Kinabalu summit. (C) PH 
modal elevation contours at the cpELA (blue) on the NE 
flank of Mt. Kinabalu. Slopes at and above the cpELA 
were too steep for glaciation.  
 
Figure 4.6: PH of glaciated supercatchments in the Crocker Range, Borneo. (A) Normalized channel steepness (Ksn) 
for each supercatchment. Black lines are supercatchment boundaries, and labeled 1-3. (B) Selected PH subcatchments. 
PH subcatchments were selected based on their position relative to the cpELA and their ∆h. Non-glacial (sub-cpELA) 
PH catchments were selected if they had a particularly high ∆h and were close to the cpELA. (C-E) PH for 
supercatchments 1-3 in A. Labeled red boxes correspond with subcatchments drawn in B. 
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4.7.3.2 Central Range of Taiwan 
Glacial landscapes in Taiwan are similarly small and perched above powerful fluvial 
escarpments (described in Chp. 2). Three separate massifs were glaciated in Taiwan during the 
LGM, but I focus here on Nanhudashan, where glacial landforms are best preserved (Hebenstreit 
et al., 2006; Siame et al., 2007; Hebenstreit et al., 2011). PH modal elevations at the cpELA form 
a ring around the Nanhudashan peak (Fig. 4.8B), just as they do at Kinabalu. Evidence of glacial 
erosion is almost entirely restricted to NW and SE valleys (Figs. 4.8D1/C1; 4.9A-D), where glacial 
landforms have been dated to the LGM/Late Glacial (Siame et al., 2007, Hebenstreit et al., 2011). 
A PH modal elevation at the cpELA on the SW flanks of Nanhudashan is linked to a small plateau 
and a headward propagating escarpment (Figs. 4.8E1, 4.9B). The NE flank of Nanhudashan is a 
particularly striking example of fluvially-driven scarp encroachment (Figs. 4.8E2, 4.9E-F). Retreat 
moraines associated with south-flowing ice have been mapped by multiple authors (Hebenstreit et 
al., 2006; Siame et al., 2007; Hebenstreit et al., 2011) and dated to the Late Glacial (Siame et al., 
2007), but the source area for this ice has been completely erased. Instead, the present-day drainage  
divide meets a NW driving escarpment. The catchment associated with the escarpment has a PH 
modal elevation at the cpELA—an apparent remnant of a valley that must have been above this 
elevation in order to drive southward ice flux.  





Figure 4.8: PH of glaciated supercatchments in the Central Range of Taiwan. (A) Same as Fig. 4.6. (B) Selected PH 
subcatchments of Nanhudashan. (C-D) PH for supercatchments 1-4 in A. Supercatchments are grouped by extent of 
glaciation. In supercatchments 1 and 2 (C and D), glacial valleys are preserved. In supercatchments 3 and 4 (E), they 
are almost erased entirely. Labeled red boxes correspond with subcatchments drawn in B. 
 




Figure 4.9: Imagery of glaciated supercatchments at Nanhudashan. PH modal elevation contours correspond with 
elevation color ramp, with blue indicating cpELA. (A-B) Glacial valley. 10Be dates of scoured bedrock and erratics 
are Late Glacial. Red label in A indicates vantage point and orientation of photo in B. (C-D) Glaciated landscape. 
Red arrow in C indicates vantage point and orientation of photo in D. (E) Headward erosion into glacial landscape 
at in C-D. Field photo captures one wall of the escarpment. All photos taken by MC.  
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4.7.3.3 Talamanca Range, Costa Rica 
 LGM glacial landscapes in the Talamanca Range are limited to the Chirripó massif (Chp. 2; 
Orvis and Horn, 2000; Lachniet and Seltzer, 2002), the highest landscape in the mountain range. 
Rock uplift in the Talamanca Range is driven by subduction of the Cocos plate beneath the 
Caribbean plate, and is thought to have accelerated after 3 Ma due to the onset of the subduction 
of the Cocos Ridge (Morell et al., 2012). Low-relief landscapes at ~2000 m are thought to be 
remnants of a paleolandscape marking the pre-uplift surface, but perched landscapes of varying 
sizes are found between 2000 m and the cpELA. Glaciers at Cerro Chirripó have likely eroded 
such a perched landscape. Valle Talari (Fig. 4.10D2) has been strongly glacially eroded (Chp. 2) 
and sits just above Sabana Leones, a 2 km-wide, low-relief grassland between 3000-3300 m 
elevation, which bears no evidence of glacial erosion (Fig. 4.11C-D). Glacial valleys are best 
preserved along the north and south flanks of the massif. On the north flank, several tightly spaced 
valleys have PH modal elevations at the cpELA (Fig. 4.10E1, Fig, 4.11A-B). On the east and west 
flanks, glacial erosion has been subject to fluvial scarp erosion (Fig. 4.10C1/D1; Fig. 4.11E-F). 
PH modal elevations at the cpELA mark glacial valleys, but sit nested inside steep, high-relief 
fluvial catchments.   
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Figure 4.10: PH of glaciated supercatchments in the Talamanca Range. (A) Same as Fig. 4.6. (B) Selected PH 
subcatchments of Cerro Chirripó, including perched landscape Sabana Leones, which neighbors Chirripó. (C-E) 
PH for supercatchments 1-3 in A. The ∆h of glacial landscapes increases from left to right. Labeled red boxes 
correspond with subcatchments drawn in B. In C, the ∆h of glacial landscapes is approximately the same as lower 
elevation subcatchments. (D) Supercatchment 2 contains the perched landscape of Sabana Leones, at ~3100 m, 
just below the cpELA. The two major glaciated catchments are Valle de los Lagos (D1) and Valle Talari (D2).  
Supercatchment 3 (E) incorporates several glacial valleys, including Valle de las Morrenas.  
 




Figure 4.11: Imagery of glaciated supercatchments at Cerro Chirripó. PH modal elevation contours correspond 
with elevation color ramp, with blue indicating cpELA. (A-B) Valle de las Morrenas. 10Be ages of retreat moraines 
are LGM (Chp. 2). Red label in A indicates vantage point and orientation of photo in B. (C-D) Glaciated landscape 
and neighboring unglaciated landscape, Sabana Leones. Red labels indicate vantage point and orientation of photo 
in D. Red arrow in C indicates vantage point and orientation of photo in D. (E-F) Glacial valleys on the east flank 
of Cerro Chirripó. Field photo in F is just above the escarpment marking the glacial-fluvial transition. Photos by 
MC. 
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4.7.3.4 Finisterre Range, Papua New Guinea 
Glacial landscapes are much larger in the Finisterre Range than in the Crocker Range, Taiwan 
Central Range, and Talamanca Range, but a similar competition between glacial erosion and 
fluvially-driven scarp encroachment is evident in the results of PH analysis. This system is clearly 
in a transient phase of adjustment to a recent acceleration in the rate of rock uplift, which is driven 
by southwestward folding and thrusting of volcaniclastic rocks and a 1200 m thick sequence of 
marine carbonates over Neogene accretionary wedge sediments at the Australian continental 
margin. The carbonate sequence is preserved as a plateau surface between 2500-4000 m elevation 
(Abott et al., 1997; Hovius et al., 1998). Its thermal immaturity precludes substantial burial, and it 
can thus be used as a marker of the pre-collision surface (Abbott et al., 1997). Its preservation in 
the southeast end of the range and general absence in the northwest end has been cited as evidence 
for southeast propagation of the collision since ~3.0 Ma (Hovius et al., 1998). The carbonate 
surface is preserved primarily on the northeast flank of the range, and is subject to fluvial scarp 
encroachment driven from the southwest (Fig. 4.12A). Glacial erosion in the Finisterre Range has 
been most pronounced on the carbonate platform. Löffler (1971, 1982) reported evidence of glacial 
erosion (primarily from air photos) at both the Saruwaged Plateau and Uruwa Plateau (Fig. 4.12B). 
Little work on the glacial landforms of the Finisterre Range has since been undertaken. 
Patterns in PH reflect uplift of the carbonate plateau, glacial incision, and fluvial scarp 
encroachment. On the northeast flank, PH modal elevations with the highest ∆h are found between 
2800-3400 m (Fig. 4.12C3/D2-3), and are associated with the plateau surface (Fig. 4.13A/D). 
Undissected plateau surfaces can be found as high 3400 m (Fig. 4.13C), but glacial action is 
apparent only above 3500 m (Fig. 13D). It is most significant on the Uruwa Plateau, where several 
well-developed glacial valleys are associated with PH modal elevations between 3500 and 3600 
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m (Fig. 12C1-2, Fig. 13D). A PH modal elevation at ~3800 m is associated with a smaller glacial 
valley cut into the Saruwaged Plateau, about 15 km to the east. Although no rigorous field mapping 
has been undertaken in either area, PH modal elevations within the range of the tropics-wide 
cpELA identify landscapes characterized by classic signs of glacial erosion, including 
overdeepenings, cirques, and lateral/retreat moraines that extend as low as 3400 m (these features 
were also qualitatively described by Löffler, 1971 and Prentice et al., 2005).  
PH modal elevations at the cpELA on the southeast flank of the range are primarily associated 
with scarp encroachment of the Uruwa and Saruwaged plateaus (Fig. 4.12E1/F1). The most 
significant of these escarpments flanks the Uruwa Plateau (Fig. 4.12E1, Fig. 4.13B), where a PH 
modal elevation at the cpELA has the highest ∆h of a particularly large supercatchment (Fig. 
4.12A, Supercatchment 4). It is important to note that the PH modal elevations at the cpELA with 
the highest ∆h are associated with the steep, southeast flank of the mountain range, and not the 
northeast flank of the mountain range, where glacial erosion has been much more pronounced. The 
strength of the PH modal elevation at the cpELA on the southeast flank are instead linked to 
apparent escarpment growth along the plateau surface, which does not rise much higher than the 
cpELA (Fig. 4.13B). A similar pattern of scarp encroachment has given rise to a modal elevation 
at the cpELA on the southwest flank of the Saruwaged Plateua (Fig. 4.12F1). 
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Figure 4.12: PH of glaciated supercatchments in the Finisterre Range. (A) Same as Fig. 4.6. (B) Selected PH 
subcatchments of the southeast end of the Finisterre Range (near Mt. Saruwaged). Limestone plateau remnants, 
including the Saruwaged and Uruwa plateaus, are preserved on the northeast flank of the range (also labeled in 
Fig. 4.13). They appear as zones of low channel steepness along the fringes of supercatchments 1-3 in A. (C-D) 
PH of selected subcatchments for supercatchments 1-3 in A. Uplift of plateau remnants drives high ∆h in 
subcatchments with modal elevations between 2700-3400 m (C3 and D3). Some plateau remnants have been 
subjected to glacial erosion (C1-2; D1-2). (E-F) PH of selected subcatchments along southwest flank. PH modal 
elevations at the cpELA with the highest ∆h in supercatchments 4-5 are associated with scarp encroachment of 
glaciated plateau remnants (E1, F1).  
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4.7.3.5 Owen Stanley Range, Papua New Guinea 
 
Much like the Finisterre Range, PH analysis reflects the uplift of low-relief, perched landscapes 
and subsequent glacial incision in the Owen Stanley Range (OSR). The OSR strikes northwest and 
is bounded to the northeast by the Owen Stanley Fault Zone, a reactivated megathrust that initially 
accommodated obduction of the Papuan ophiolite over metamorphic rocks during Paleogene arc-
continent collision (Baldwin et al, 2012). In the vicinity of the OSR, rock uplift is driven by left-
lateral slip along the Owen Stanley Fault Zone. Large, perched landscapes between ~2800 and the 
cpELA can be found along the entire strike of the range. Small glacial landscapes are scattered 
Figure 4.13: Selected PH subcatchments in the Finisterre Range. PH modal elevation contours correspond with 
elevation color ramp, with blue indicating cpELA. (A) South-oriented oblique view of northwest flank. Plateau 
remnants are perched between 2800-3400 m (Fig. 4.12C2, D3). Plateau remnants are removed primarily through 
headward scarp propagation. (B) Northwest-oriented oblique view. Plateau remnants are largely absent from the 
southwest flank, which is instead dominated steep slopes and headward scarp propagation. Strong PH modal at 
the cpELA are associated with these escarpments. (C) Large plateau remnants on the northwest flank reach as high 
a 3300 m. (D) Glacial incision of the Uruwa plateau.  
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throughout the highest elevations (e.g., Mt. Victoria, 4038 m), but the best preserved glacial 
remnants are found in the Mt. Albert Edward massif (Figs. 4.14-4.15). The glacial landscapes at 
Mt. Albert Edward are striking in part because of the large, unglaciated perched landscapes that 
flank them. These perched landscapes make up the highest ∆h in their respective supercatchments, 
and have associated PH modal elevations between 2800 and 3300 m (Fig. 4.14C2/D2). It is clear 
that glacial erosion at Mt. Albert Edward has taken advantage of an uplifted, perched landscape.  
Virtually no mapping of glacial landforms has been carried out at Mt. Albert Edward since 
reconnaissance efforts by Löffler (1982), Peterson et al. (2004), and Prentice et al. (2005), but 
recently available high-resolution satellite imagery reveals clear glacial morphologies, including 
multiple overdeepenings, polished bedrock, and lateral and terminal moraines as low as 3200 m. 
The small vertical separation of glaciated landscapes and nonglacial, perched landscapes tightly 
constrain the local cpELA to 3500-3650 m. Glacial landscapes with a PH modal elevation within 
the tropics-wide cpELA band (3400-4000 m) and high peaks around 3800 m stand in striking 
contrast to nonglacial, perched landscapes with PH modal elevations just 100 m lower (Fig. 4.15a). 
The glacial landscapes at Mt. Albert Edward are divided between three supercatchments (Fig. 
4.14A), which vary dramatically in steepness. Perched landscapes flank the subcatchments 
neighboring Mt. Albert Edward along its southwest, northwest and southeast flanks. In contrast, 
the northeast flank of Mt. Albert Edward is extraordinarily steep, and rises from 1000 m elevation 
to the cpELA over ~15 horizontal kilometers (Fig. 4.14A). The perched landscapes that dominate 
neighboring supercatchments are absent. These patterns are reflected in the strength (high ∆h) of 
PH modal elevations associated with the Albert Edward glacial landscapes. Along the southwest, 
northwest and southeast flanks of the massif, PH modal elevations at the cpELA are observed only 
above ~1500 m on their respective channel networks. Below these elevations, PH modes are 
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associated with the large, perched landscapes between 2800-3400 m (Fig. 4.14C-D). In contrast, 
the PH modal elevations at the cpELA on the north flank of Mt. Albert Edward are observed above 
300 m—and thus the ∆h of these PH modal elevations is almost equivalent to the relief of the 
entire mountain range (Fig. 4.14E).  
Figure 4.14: PH of glaciated supercatchments in the Owen Stanley Range (OSR). PH modal elevation contours 
correspond with elevation color ramp, with blue indicating cpELA. (A) Same as Fig. 4.6. (B) Selected PH 
subcatchments of glaciated valleys at Mt. Albert Edward. (C-D) PH of selected subcatchments in A. Perched 
landscapes between 2500 m and the cpELA are scattered throughout the OSR, and are apparent in both channel 
steepness (e.g., zone of low channel steepness in the northwest of supercatchment 1) and PH analysis. PH modal 
elevations with the highest ∆h are associated with these perched landscapes above 3000 m (brown/orange points 
C2, D2). Mt. Albert Edward shares a supercatchment with these perched landscapes (C1, D1, E1). (E) The 
northeast flank of Mt. Albert Edward is extremely steep. A PH modal elevation associated with glacial 
landscapes at the cpELA (E1) dominate the hypsometry of the entire supercatchment. 
 












Figure 4.15: Selected PH subcatchments in the OSR. PH modal elevation contours correspond with elevation 
color ramp, with blue indicating cpELA. (A) South-oriented oblique view. Large perched landscapes lie along the 
range crest between 2800-3200 m (Fig. 14C2, D2). The glacial landscapes at Mt. Albert Edward (B,C,D) are 
divided between three supercatchments. (B) Southeast flank of Mt. Albert Edward. Red contour marks PH modal 
elevation in Fig. 14D2. (C) West-southwest flank of Mt. Albert Edward. (D) Northeast flank of Mt. Albert 
Edward. The fluvial landscape flanking the glacial landscape rises ~2500 vertical meters over ~15 horizontal km. 
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4.7.4 PH in heavily glaciated landscapes 
Glacial advances in the following mountain ranges were the largest in the ten selected 
mountain ranges. In each mountain range described below, large valley glaciers were well 
developed, and their remnants have been largely preserved. 
4.7.4.1 Rwenzori Mountains, East Africa 
The Rwenzori Mountains are a N-S striking tilted horst along the western branch of the East 
African Rift System (Ring, 2008). They rise to 5,109 m elevation above the Semliki Valley (local 
fluvial base-level) at 1200 m. They are bounded to the west by the Bwamba border fault (Fig. 
4.16A), the heave on which exceeds 7 km, and by a complex system of east-dipping faults to the 
east. The west flank of the horst is steeper than east flank, primarily due to high slip rates on the 
Bwamba border fault. Ring (2008) proposed that the Rwenzori Mountains have been subject to 3-
4 km of flexural-isostatic footwall uplift since the onset of the Pleistocene, and even proposed the 
glacial erosion has initiated a feedback in which crustal unloading by glacial exhumation has 
promoted high rates of rock uplift, which have allowed subsequent glaciations to grow larger and 
more erosive. Although he did not describe the Rwenzori Mountains in this context, the scenario 
proposed by Ring (2008) is perhaps the most profound example of glacial limitation proposed in 
the tropics. 
PH analysis corroborates the (implicit) claim by Ring (2008) that the Rwenzori Mountains are 
glacially limited. Despite asymmetry in the geometry of bounding faults, channel steepness, and 
extent of glaciation, patterns in PH are remarkably similar within the tropics-wide cpELA band 
along both flanks of the massif. PH modal elevations at the cpELA dominate the hypsometry of 
each supercatchment draining the main divide (Fig. 4.16B-F). Ice extent has varied between the 
east and west flank of the range, apparently due to differences in ice flux. On the eastern flank, 
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lateral moraines terminate as low as 2300 m (Fig. 4.17B), and emerge from coalescing glacial 
valleys with PH modal elevations between 3800-4000 m. They have been dated to the global LGM 
(Kelly et al., 2014). On the western flank, in valleys that rise above the Bwamba border fault, PH 
modal elevations are similarly between 3800-4200 m. Terminal moraines on this flank of the range 
generally do not descend below 3100 m. Fluvial channels on the west flank of the Rwenzoris are 
extremely steep (as indicated by Ksn on Fig. 4.16A). 
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Figure 4.16: PH of glaciated supercatchments in the Rwenzori Mountains. (A) Same as Fig. 4.6. PH modal 
elevation contours correspond with elevation color ramp, with blue indicating cpELA. Bwamba border fault in 
red. (B) Selected PH subcatchments of glacial valleys across the main crest of the Rwenzoris. The Rwenzori 
Mountains rise steeply above the Bwamba Fault to the west, but lower more gently to the east. (C-F) PH of selected 
subcatchments. PH is similar across the entire mountain range. I separate PH results between north, south, east 
and west supercatchments, based on the asymmetric pattern of rock uplift. PH modal elevations of glacial 
landscapes are generally between 38000-4200 m. The reach their highest elevations on the west flank (C1-2).  
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4.7.4.2 Mérida Range, Venezuela 
Patterns in PH within the tropics-wide cpELA are very similar in the Mérida Range. The 
Mérida Range is a 350 km long, 80-100 km wide, northeast-striking, transpressional bivergent 
wedge at the northeastern extremity of the Andes. It is bounded along its northwest and southeast 
flanks by seismically active thrusts. Oblique convergence between the Maracaibo block and South 
American plate is largely accommodated along northwest strike strike-slip faults, the most 
important being the Boconó fault system, which floors the Santo Domingo Valley, the longitudinal 
valley of the range. The Mérida Range has been subject to strongly diachronous patterns of 
exhumation since the late Miocene (Audemard, 2003; Bermudez et al., 2010; Bermudez et al., 
2013). 
PH analysis of the Mérida Range reveals striking significance of glacial landscapes. In every 
major supercatchment flanking the main divide, PH modal elevations are observed in the tropics-
wide cpELA band (Fig. 4.18C-E). In the southeast and longitudinal valley of the range, PH modal 
elevations are between 3600-3800 m (Fig. 4.18C-D). They rise higher, to 4270 m, in the northwest 
flank of the range (Fig. 4.18E). The glacial valleys associated with these PH modal elevations 
contain well-preserved glacial remnants, with well-preserved moraines extending as low as 
3200 m (Fig. 4.19). Stansell et al. (2007) reconstructed the geometry of glaciers across the entire 
width of the range to estimate the cpELA and found a northwest-trending gradient in its elevation, 
from as low as ~3300 m in the southeast to ~4000 m in the northwest. They attributed this pattern  
to variability in cloud cover related to a precipitation gradient, as moisture tends to come in from 
the Atlantic region. These results are broadly consistent with the rise in PH modal elevations across 
the range.  




Figure 4.18: PH of glaciated supercatchments in the Mérida Range. (A) Same as Fig. 4.6. (B) Selected PH 
subcatchments of glacial valleys. (C-E) PH of selected subcatchments, organized by northwest-trending gradient 
in ELA. (C-D) PH modal elevations with the highest ∆h of southeast supercatchments (C1-C2) and Boconó valley 
(D1) are 3600-3800 m. PH modal elevations are systematically higher moving to the northwest (D3-D6). In 
northwest catchments, PH modal elevations with the highest ∆h are 4000-4270 m.  
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4.7.4.3 Sierra Nevada de Santa Marta, Colombia 
The Sierra Nevada de Santa Marta (Santa Marta Massif) is a triangular, high massif (~5900 m) 
in northwestern Colombia that lies within 40 km of the coastline; it is the highest mountain range 
in the world whose fluvial base-level is sea level (Villagómez et al., 2011). Rock uplift is driven 
by oblique convergence between the Caribbean plate and northwestern South America (Montes et 
al., 2010). The massif is organized into three northwest verging thrust sheets (Tschanz et al., 1969; 
Villagómez et al., 2011). The largest of these, the Sierra Nevada Province, makes up much of the 
southern flank of the mountain range, and is composed of Grenvillian granulites, anorthites, and 
gneisses that have been intruded and covered by Jurassic plutonics and volcanics. These rocks 
have been thrust over a suite of Paleozoic gneisses and schists along the Sevilla Lineament 
(Tschanz et al., 1969), the main structural boundary of the mountain range (Villagómez, et al., 
2011).  
A combination of structural and geologic controls give rise to extremely asymmetric patterns 
of erosion in the Sierra Nevada de Santa Marta. The Sierra Nevada Province is housed within a 
large, perched landscape that sits above 3400 m. It rises gradually from its southern margin to the 
peak elevation of 5775 m over ~20 horizontal km. The drainage pattern of this landscape tracks 
the northwest verging structures of the landscape. In contrast, landscapes to the north, across the 
Sevilla Lineament, are steep and rugged, with drainage oriented perpendicular to the major 
structural controls of the range. These patterns are easily recognized in patterns of channel 
steepness (Fig. 4.20A), where north-draining supercatchments are extremely steep, even as they 
approach the drainage divide with the perched landscape.  
PH analysis indicates a strong glacial imprint on the Santa Marta Massif, although glacial 
erosion appears to have been influenced by the pre-existing topographic structure. PH modal 
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elevations between 3600-4500 m dominate all supercatchments draining the main divide (Fig. 
4.20C-F). However, this vertical span of PH modal elevations is split into two groups in each 
supercatchment: one between 3600-3800 m, and the other between 4200-4500 m. Importantly, 
both groups of PH modal elevation are associated with clear signs of glacial erosion, characterized 
by large lateral and terminal moraines, scoured bedrock surfaces, and overdeepenings (Fig. 4.21). 
Supercatchment 5 (Fig. 4.20G) is the clearest example of this pattern. The modal elevation at the 
base of the supercatchment is 3640 m, which marks a contour just above extensive lateral moraines 
in the southern end of the supercatchment (Figs. 4.20G1, 4.21B). Above 1200 m on the channel 
network, however, dominate PH modal elevations are at 4400 m (Figs. 4.20G2-3, 4.21A). These 
PH modal elevations are associated with heavily scoured topography.  
Study of the glacial landforms at the Sierra Nevada Massif has been limited. It began as early 
as 1939, when the Cabot Expedition described moraines of ~300 m thickness (Cabot et al., 1939, 
Fig. 4.21B1; Wood, 1970). Bartels (1984), mapped glacial extents throughout the massif (which 
correspond with glacial extents mapped by Raasveldt (1957)). Lachniet and Vazquez-Selem 
(2005) used these mapped glacier extents to reconstruct paleoglacier surfaces, and applied standard 
techniques of ELA estimation, including THAR, AAR, and AABR for three large glaciers within 
the Sierra Nevada Province. They reported a range of paleo-ELAs of 3800-4100 m for these 
glaciers. No directly dated glacial deposits are available.   
It is difficult to say why PH modal elevations vary by nearly 1000 m both within and above 
the cpELA band. Climatic gradients certainly play some role in the position of the cpELA, given 
the width of the massif. The maximum elevation of lateral moraines provides some evidence of 
such variability: their elevation varies from 3600 m to 4400 m. However, in the absence of age 
constraints, it is impossible to draw any conclusion about whether several phases of glacial erosion 
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have been driven by different ELAs. An equally plausible scenario is that the asymmetry of the 
range has promoted capture of glacial ice, leaving the highest, low-gradient glaciated catchments 
starved of the ice flux needed to drive glacial erosion at the cpELA. Such competition between 
glaciated catchment is evident (Fig. 4.21C).  
PH analysis reveals that patterns of glacial erosion may be driven by this pre-existing 
asymmetry. Supercatchment 2—the central supercatchment on the north flank of the massif—is 
particularly revealing. Large lateral moraines on the steep north flank reach only as high as 3600 
m and extend below 3000 m (Fig. 4.21B), an indication that the cpELA in this catchment was not 
much higher than 3600 m. Two PH modal elevations dominate the supercatchment: one 3600 m, 
which sits above lateral moraines, and one at 4330 m which spans the headwall of the catchment 
(Fig. 20d2). There is evidence that ice flow has been redirected across this drainage divide (Fig. 
21c), where the relief separating a steep, northeast draining valley from the neighboring low-
gradient, southeast draining valley is <100 m. The parallel PH modal elevations at 3600 m and 
4330 m may arise from ongoing headward migration and progressive drainage capture—and re-
routing of glacial ice flow during glacial periods—of the perched, southern catchments by northern 
catchments. This process likely reduces the efficiency of glacial erosion at high elevations, 
allowing isolated segments of the landscape to rise high above the cpELA, even though the 
surrounding landscape is limited to this elevation. 
  





Figure 4.20: PH of glaciated supercatchments in the Santa Marta Massif, Colombia. (A) Same as Fig. 4.6. (B) 
Selected PH subcatchments of glacial valleys. (C-E) PH of north flank supercatchments (1-3). These 
supercatchments are extremely steep. They rise from ~4000 vertical m over approximately 20 horizontal km. They 
form an escarpment against a large perched landscape that extends for ~20 km along the flank. PH modal 
elevations with highest ∆h in each supercatchment fall into two groups: 3600-3800 m (C1, D1, E1) and 4200-
4500 m (D2, E2). (F-H) PH of south flank supercatchments (4-6). The supercatchments drain the large, perched 
landscape along the south flank of the range. PH modal elevation with the highest ∆h also fall into two groups: 
3800-4000 m and 4200-4500 m. 
 




Figure 4.21: Selected PH subcatchments in the Santa Marta Massif, Colombia. PH modal elevation contours 
correspond with elevation color ramp, with blue indicating cpELA. (A) Oblique northeast view, centered on 
perched landscape. Scarp encroachment is driven from the north. Arrows indicate orientation of oblique images 
in B-C. PH modal elevations of the large, perched landscape are 4400-4460 m (4.20F1, 4.20G2-3). Clear signs of 
glacial erosion include scoured bedrock, overdeepenings, and lateral moraines below 4000 m.  (B) Mamancanaca 
moraines (field photo in B1 from the Cabot Expedition, 1939). Large lateral moraines coalesce below PH modal 
elevation at 3640 m. These moraines terminate near 3200 m. Cabot et al. (1939) estimated moraine thickness of 
300 m. (C) Glacial landscapes of the south flank. PH modal elevations with closely spaced outlet elevations are at 
3600 and 4320 m. Lateral moraines emanate from steep valleys below 3600 m, and terminate below 3000 m. The 
landscape above 3600 m shows signs of catchment reorganization, including headward erosion and capture of 
low-gradient glacial valleys cut into the perched landscape. (D) Long glacial valleys neighboring the perched 
landscape on the south flank, with strong PH modal elevations at 3840 m and 4089 m, respectively.    
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4.7.4.4 Merauke Range, Papua 
The Merauke Range (Central Range of New Guinea), is a 1300 km east-west striking fold and 
thrust belt of 80-100 km width that extends along the western half of the island of New Guinea. 
Here I focus on the vicinity of Puncak Jaya, the highest peak in New Guinea (4884 m). Rock uplift, 
driven by collision of the Melanesian island arc and the Australian continental margin, began in 
the mid-Miocene. As in the Santa Marta Massif, glacial erosion in the Merauke Range has been 
influenced by pre-existing patterns of fluvial scarp erosion, which is linked to both climatic and 
geologic drivers. Puncak Jaya occurs along the Mapenduma anticline, a broad, 30-km wide fold 
cored by Precambrian slates and overlain by Devonian-through-Triassic sedimentary rocks. The 
Mapenduma anticline is capped by the Miocene New Guinea Limestone, which is exposed near 
the summit at Puncak Jaya (Dow, 1988; Nash et al., 1993; Weiland and Cloos, 1996). Rocks of 
the New Guinea Limestone have focused erosion along bedding planes, which are largely parallel 
with strike of the range. In contrast, focused erosion of the Mapenduma anticline on the south flank 
of the divide has exposed Mesozoic sedimentary rocks and Precambrain slates. Drainage networks 
are extremely steep and largely oriented perpendicular to the strike of range on the south flank 
(Fig. 4.22A). Weiland and Cloos (1996) proposed that this pattern has arisen primarily from 
orographically focused precipitation on the south flank, where annual rainfall rates reach as a high 
as 11 myr-1 and drop sharply at high elevations to ~3 myr-1. They proposed that: “exposure of 
Precambrian slates at the base of the [Merauke Range] and preservation of middle Miocene 
carbonate strata at the highest part of the range may be the most dramatic example on Earth of the 
dynamic and fundamental interplay among tectonic uplift, orographically induced precipitation, 
and erosion.”  
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 PH analysis reveals that glacial erosion has imprinted this pattern of fluvial scarp 
encroachment. PH modal elevations with the highest ∆h are all between 3500 and 3800 m, well 
within the tropics-wide cpELA band (Fig. 4.22C-E). These PH modal elevations mark well-
developed glacial landscapes (Fig. 4.23). Large, coalescing lateral moraines emanate from multiple 
glacial valleys on the south flank (Fig. 4.23C-D). Moraine termini are as low as 3150 m, and lateral 
moraines do not rise higher than 3600-3800 m, in close correspondence with the position of PH 
modal elevations. These PH modal elevations are somewhat lower than the locally estimated 
cpELA estimates provided by Prentice et al. (2005), who used aerial photographs to reconstruct 
ice surfaces in the north of the range, and estimated a cpELA of 3900-4000 m. Given the severity 
of the modern precipitation gradient, it is inevitable that the cpELA has been lower on the south 
flank than on the north flank, and thus that the apparent 200-400 m mismatch between cpELA and 
PH modal elevations in glaciated zones may arise from actual climatic differences. However, PH 
analysis also points to competitive dynamics between glaciated catchments, which may have 
altered the geometry of glacial valleys, rerouted ice flow, and limited the efficiency of glacial 
erosion on a local basis. Distortion of glacial valleys in this way may bias ELA estimation to higher 
elevations if glacial erosion is unable to keep pace with rock uplift in isolated segments of the 
landscape and glacial ice is rerouted across drainage divides. 
Fluvial scarp encroachment along the southern flank of the Merauke Range has reoriented 
strike-parallel drainage through headward erosion and drainage capture (Fig. 4.22A). Glacial 
erosion appears to at least drive this process forward, if not accelerate it. Evidence of 
rearrangement of glacial valleys is found in the prominent PH modal elevation at Puncak Jaya at 
4220 m, which is more than 500 m higher than PH modal elevations of neighboring glaciated 
valleys (Fig. 4.22D3, 4.23B). The peak of Puncak Jaya itself is entirely within the New Guinea 
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Limestone, and cold-phase glacial erosion has eroded deep valleys along E-W striking bedding 
planes. The catchment housing Puncak Jaya, however, drains south, apparently due to ongoing 
headward erosion that has progressively captured and reoriented E-W drainage. Similar drainage 
reversals are apparent along the entire range flank (e.g., Fig. 4.23D). The pattern is apparent in PH 
analysis. Where the New Guinea Limestone has been protected from fluvial scarp propagation, 
valley walls along the south flank are subvertical and unglaciated even though the reach above the 
cpELA (Fig. 4.22D2/D4). These catchments are characterized by PH modal elevations several 
hundred meters below the cpELA, around 3000-3200 m. In contrast, where the New Guinea 
Limestone has been breached, E-W flowing glacial ice has been reoriented along steep, N-S 
trending draining networks. The contrast between narrow fluvial valleys and wide, high elevation 
glacial catchments near the cpELA gives rise to the high ∆h observed in PH modal elevations at 
the cpELA (Fig. 4.22D1-5; E1-2). The relatively high modal elevation of glacial valleys at Puncak 
Jaya (4220 m) most likely arises from a combination of a higher cpELA prior to drainage capture 
and inefficient glacial erosion of the New Guinea Limestone.   
  




Figure 4.22: PH of glaciated supercatchments in the Merauke Range. (A) Same as Fig. 4.6. (B) Selected PH 
subcatchments of glacial valleys. (C-E) PH of glaciated supercatchments, organized by the presence of limestone 
plateau (supercatchment 1-2) and north-driving escarpment (3-7). The perched landscape can be identified by zones 
of low-gradient, strike parallel drainage networks. PH modal elevations with the highest ∆h are found at the cpELA 
of 3600-3800 m (C1-2). On the south flank, PH modal elevations with high ∆h are found between 3200 m and 4500 
m. The lower of these (D2, D4) are below the cpELA. The remaining are either at the cpELA (D1,D5) or slightly 
above it (D3, at Puncak Jaya).  
 





































































































































































































































































































































































































































4.8.1 Glacial limitation of tropical mountain height 
PH analysis has identified glacial landscapes throughout the tropics. Moreover, PH analysis 
shows that landscapes subject to the most intense phases of glaciation have developed a 
disproportionately high concentration of area at the ELA relative to fluvial landscapes below the 
glacial limit. I pose this topographic pattern as the signal of glacial limitation in the tropics. This 
surprising result, that the height of some of the warmest mountain ranges in the world is limited 
by glacial processes, is only discernible within the context of all the mountains analyzed.  
Viewed in isolation, it is not apparent that any single tropical mountain range has been subject 
to glacial limitation (perhaps with the exception of the Rwenzori Mountains).  It could be argued 
that glacial erosion has merely ornamented disequilibrium terrain that owes is topography entirely 
to geologic structure or tectonic forcing, even in the most heavily glaciated of these mountain 
ranges. The very presence of disequilibrium, low-relief landscapes at high elevations in each 
mountain range analyzed is evidence itself that tectonic forces have defeated the power of fluvial 
erosion—a striking pattern given that these mountains were selected because they were most likely 
to exhibit a tight coupling between fluvial erosion and rock uplift. Furthermore, in many of these 
mountain ranges evidence of glacial erosion is limited to relatively small landscapes, often nested 
inside of larger, perched terrains. Glacial influence in the tropics is made apparent against the 
backdrop of the varied and dynamic behavior of these mountains: regardless of their topographic 
form prior to glaciation, none of these mountain ranges have risen through the cpELA without 
being subject to substantial glacial erosion and the apparent establishment of a glacial base-level, 
despite major differences in the timing and rate of rock uplift, as well as differences in tectonic, 
structural/lithological, and climatic controls on fluvial erosion. 
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The conclusion that tropical mountains are glacially limited requires a precise separation of 
concepts. The debate over the prevalence of glacial limitation has been dominated by the question 
of whether “glacial buzzcutting” of low-gradient terrain at high elevations has been the operating 
mechanism, whereas the interpretation of glacial limitation posed here does not require a glacial 
buzzsaw mechanism. Rather, glacial limitation only requires tropical mountains to have been 
subject to the establishment of a perched, glacial base-level, which exerts a control on mountain 
height. The introduction of the glacial base-level promotes disconnection of glacial landscapes 
from their flanking fluvial networks and thereby allows the growth of terrain near the ELA under 
sustained rock uplift. The development and preservation of the glacial base level is determined by 
three factors: (i) the volume and pattern of rock uplift through the cpELA (as well as the 
topographic configuration prior to the onset of glaciation); (ii) the efficacy of glacial erosion; and 
(iii) fluvially-driven destruction of glaciated terrain during warm periods and lowering of the 
landscape below the cpELA.  
The tropical mountains analyzed are affected by these three factors in different ways, but I 
argue that glacial limitation is at work in all of them. It takes different forms—in extreme cases, 
such as the Rwenzori Mountains and Mérida Range, the glacial base-level has most likely been 
preserved under high rates of rock uplift for several glacial cycles. In other cases, such as in the 
Crocker Range of Borneo, the Central Range of Taiwan, the Talamanca Range of Costa Rica, and 
the Finisterre Range of Papua New Guinea, glacial erosion has taken advantage of relatively small, 
transient, perched landscapes that have been advected through the cpELA. Fluvial scarp 
encroachment of glaciated terrain appears to be extremely effective in these places. Glacial erosion 
has inherited a pre-existing pattern of scarp encroachment of large-scale disequilibrium terrain in 
the Sierra Nevada de Santa Marta and the Merauke Range, but fluvial scarp encroachment of 
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glacial landscapes has been minor. In contrast to mountain ranges like the Central Range of 
Taiwan, some terrain has actually risen far above the cpELA in these places, apparently due to 
inefficiencies introduced by competition between glaciated catchments. In each case, however, the 
ultimate height limiting mechanism appears to be the establishment of a glacial base-level, 
regardless of the topographic and structural/lithologic structure pushed through the cpELA. 
Importantly, none of these mountain ranges show signs of a steady state balance between fluvial 
erosion and rock uplift below the cpELA (Fig. 4.5), and in the highest mountains, where rock mass 
has passed above the cpELA, it is clear that glacial erosion has inherited landscapes in a state of 
transience. In other words, glacial limitation of mountain height has worked where fluvial 
limitation has failed to do so.  
The hypothesis that glacial erosion can limit mountain height specifically where fluvial erosion 
has failed to do so has gone largely undiscussed. Rather, the debate over the prevalence of glacial 
limitation has (often passively) assumed that the only reasonable alternative to glacial limitation 
of mountain height is fluvial limitation. While proponents of the glacial buzzsaw hypothesis have 
argued that headward glacial erosion near the ELA generates low-gradient terrain at the ELA in 
situ, skeptics have argued that such low-gradient terrain has been advected to high elevations and 
ornamented by largely ineffective valley glaciers. It has rarely been considered that glacial 
limitation could work in tandem with the uplift of disequilibrium landscapes (Zhang et al., 2016). 
Patterns of glacial erosion in tropical mountains point to the likelihood that glacial limitation works 
in precisely this manner: even in tropical mountains subject to fast rates of rock uplift and a tight 
connection to external base-level, fluvial limitation is not observed. Instead, disequilibrium 
landscapes reach as high as the cpELA, where they are subject to glacial erosion. 
The result that the highest elevations of all tropical mountains analyzed are either characterized 
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by transient landscapes or, as I have demonstrated above, glacially eroded valleys, should motivate 
renewed debate over the prevalence of glacial limitation on multiple fronts. The first is conceptual: 
tropical mountains are among the best candidates for fluvially-driven steady state, both because 
they are subject to intense rainfall and high rates of fluvial incision (e.g., Hovius et al., 1998; 
Dadson et al., 2003) and also because the cpELA is particularly high, which spares most of the 
tropical landscape of direct glacial erosion. If even these mountain ranges have not reached a 
steady state balance between rock uplift and fluvial erosion below the cpELA, then such conditions 
are even less likely in those mountain ranges where the strength of fluvial erosion is weaker or 
glacial erosion has descended to lower elevations. Where it is observed, the coincidence of low-
gradient terrain and the span of Late Pleistocene ELA fluctuation is thus all the more striking: 
either low-gradient terrain has been uplifted into this zone on a widespread basis by coincidence, 
or glacial erosion has imposed a top-down limit on the uplift of transient landscapes.  
Second, glacial limitation does not require exhumation sufficient to perturb the geothermal 
gradient in the way that the glacial buzzsaw does. Thermochronometric dating has been used both 
to support the glacial buzzsaw hypothesis (Herman et al., 2013) and to refute it (van der Beek et 
al., 2009; Valla et al., 2011; Schilgden et al., 2018). I argue these thermochronometric data do not 
necessarily have any bearing on the interpretation of glacial limitation: if transient landscapes have 
been advected to the cpELA precisely because they have been subject to extremely low rates of 
fluvial erosion, glacial limitation can take hold long before a signal of enhanced exhumation is 
observed in the thermochronometric record.  
Finally, previous work has strongly asserted that the signature of glacial erosion is precisely 
the presence of low-gradient terrain at the ELA (Brozovic et al., 1997; Egholm et al., 2009). If this 
is the case, and if low-gradient, disequilibrium terrain routinely reaches the ELA, as it apparently 
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does in the tropics, then such a signal of glacial limitation is probably compromised. That is, low-
gradient terrain can have a non-unique origin. However, the results of the PH algorithm across the 
tropics show that hypsometry records a rather different behavior than the introduction of low-
gradient terrain at the ELA. I next detail how the signal of the perched, glacial base-level is 
recorded in hypsometry. 
4.8.2 The signature of glacial limitation recorded in hypsometry 
Hypsometric analysis has provided some of the most important evidence in support of the 
glacial buzzsaw hypothesis, specifically the striking observation that the modal elevations of large 
areas correspond with the ELA on near-global basis (Egholm et al., 2009; Fig. 4.1). PH analysis 
shows that the standard interpretation of this observation, that the modal elevation at the ELA is 
indicative flattening of terrain at the ELA, is somewhat misguided. Absent large-scale, low-
gradient terrain the position of the modal elevation is determined by the landscape relief and 
geometry (see Chp. 3), and does not necessarily relay any information about the position of low-
gradient terrain. Instead, by focusing on glaciated catchments and their morphologic break with 
fluvial landscapes, the PH analysis presented here shows that a modal elevation at the ELA arises 
primarily from the growth of glacial valley networks at the cpELA.  
Hypsometry—implemented at any scale—is simply a measure of the distribution of terrain 
with elevation. By focusing on patterns of variability in the hypsometry of nested catchments, PH 
analysis reveals that the position of the modal elevation in steep terrain is a function of valley 
relief. In equilibrium conditions, catchment ∆h reaches a maximum value that remains constant 
even as the modal elevation itself drops across tributary confluences (Chp. 3). The pattern of 
downstream modal elevation change is only broken when a high elevation contour is 
uncharacteristically large for its position in the channel network. Low-gradient landscapes perched 
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at high elevations will generate such an anomaly. In the suite of tropical mountains analyzed, these 
landscapes appear as PH modal elevations at >2000 m. However, it is not exclusively low-gradient 
terrain that gives rise to these anomalous modal elevations. Generally, these anomalies occur 
where the self-similar pattern of subcatchment nesting is broken at high elevations. In general, this 
pattern arises from a disconnection between patterns of high elevation erosion and external base-
level forcing, and can include top-down changes in the local erosion rate, including scarp 
encroachment and drainage capture. The perched glacial base-level also initiates such a 
disconnection between high elevation, glaciated landscapes and external base-level fall. Where the 
landscape reaches the ELA, glacial erosion begins in earnest and valley glacier systems begin to 
form. These glacier systems are agnostic to fluvial base-level forcing. 
The striking pattern that arises from PH analysis across all tropical mountain ranges is that 
modal elevations at the cpELA grow stronger as glacial landscapes become disconnected from the 
fluvial networks below them (Fig. 4.24A-C). Perched, low-relief landscapes, primarily above 2000 
m, are ubiquitous in tropical mountains, and they are apparently subject to strong glacial erosion 
once they reach elevations just high enough for glaciation. These perched landscapes develop a 
modal elevation at the cpELA as glacial erosion attacks them, but their PH modal elevations are 
among the weakest observed at the cpELA (Fig.4.23A-B). As disequilibrium terrain below the 
cpELA disappears, PH modal elevations at the cpELA grow stronger (Fig. 4.23C). Perhaps the 
best example of this phenomenon is Mt. Albert Edward, in the Owen Stanley Range, which 
captures the transition from the PH of marginally glaciated landscapes to that observed in the most 
heavily glaciated landscapes. Mt. Albert Edward sits amidst a sea of high elevation, low-relief 
landscapes between 2800 m and the cpELA. The ∆h of PH modal elevations at the cpELA at Mt. 
Albert Edward is controlled by the geometry of flanking fluvial networks, and not the size of the 
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glacial landscapes (Fig. 4.14C-E). The most extreme ∆h occurs on the north flank of Mt. Albert 
Edward, where channels rise ~2 vertical kilometers to the cpELA (~3500 m) over ~15 horizontal 
kilometers, and the modal elevation at the cpELA persists to the range front, at around 300 m 
elevation. Neighboring glaciated catchments are housed inside larger catchments that also contain 
broad, perched landscapes, which dominate the catchment hypsometry at outlet elevations below 
~1500 m.  
PH modal elevations at the cpELA are confined above similarly high outlet elevations (>1500 
m) in Talamanca Range, Central Range of Taiwan, and Finisterre Range. In contrast, the most 
heavily glaciated mountain ranges, the Sierra Nevada de Santa Marta, the Rwenzori Mountains, 
Figure 4.24: Glacial limitation vs. fluvial limitation. Top: glacial limitation. (A) Transient fluvial landscape. 
Isolated catchments have ∆h that exceeds all other subcatchments. (B) Transient fluvial landscapes intersect the 
cpELA. Highest elevations are subject to glacial erosion. (C) Glacial landscapes expand at the cpELA under 
continued rock uplift, fluvial landscapes steepen below them. Bottom: Fluvial limitation. (D) Fluvial limitation 
entirely below cpELA. Landscape monotonically shrinks above external base level, and all subcatchments are 
nested in self-similar fashion. No glacial erosion has occurred. (E) Same as D, only fluvial limitation takes place 
above the cpELA. Glacial erosion ornaments the highest peaks, but has no influence on the topographic evolution 
of the range.  
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the Mérida Range, and the Merauke Range, the strength of PH modal elevations at the cpELA are 
similar to the north flank of Albert Edward. I use these observations to infer that a modal elevation 
at the cpELA arises from two cooperating processes:  
i) Elongation of the ELA contour by glacier valley network growth. Under continued 
rock uplift, the cpELA contour grows as small valley glaciers erode headward at this 
elevation. In this way, the glacial valley network is governed by the position of the 
ELA. During glacial periods, the ELA is relevant to a position at the ice surface, so 
glacial excavation takes place largely below this elevation, leaving the ELA contour 
high along the valley walls. As a consequence, the ELA contour traces out long, closely 
spaced valleys at the ELA. 
ii) Disconnection of fluvial and glacial landscapes across the glacial base level. Glacial 
ice blocks fluvial incision during cold phases, and fills fluvial valleys with glacially 
eroded sediment, which must be removed prior to continued fluvial incision. Above the 
glacial base-level, rock walls rise above the ice surface. Below the glacial base-level, 
the landscape remains tied to fluvial base-level, and presumably maintains a relief that 
is set by the rate of fluvial base level fall. If fluvial scarp encroachment cannot “catch 
up” and drive erosion of valley walls above the glacial base-level during interglacial 
periods, rock mass continues to rise through the cpELA, and glacial landscapes grow 
independently of their flanking fluvial landscapes.  
Below the cpELA, rock walls rise above the ice surface to an elevation that is either limited by 
supraglacial rock wall erosion rate or by the ELA itself: if supraglacial rock walls rise far above 
the ELA, they are prone to glacier formation and thus, glacial erosion. The combination of these 
processes and the decoupling of glacial landscapes from fluvial erosion results in a cpELA contour 
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that lengthens as rock mass is pushed above the glacial base-level. The distinction between glacial 
flattening of terrain at the ELA and expansion of the landscape along the ELA is a rather important 
one: it eliminates the need to distinguish the origin of low-gradient terrain that has been subject to 
glacial erosion. Glacial erosion does produce low-gradient valleys at high elevations, as has been 
demonstrated many times over (e.g., Penck, 1905; Anderson et al., 2006; Egholm et al., 2009), but 
such low-gradient terrain is not especially pertinent to the long-observed match between landscape 
modal elevation and the ELA. Rather, the modal elevation occurs at the ELA because this elevation 
determines where glacial valleys are grown.  
4.8.3 Continuum between glacio-fluvial limitation and glacial limitation 
Tropical mountains effectively capture a continuum of glacial influence, from marginal 
glaciation that is apparently subject to erasure by fluvial networks, to the full development and 
preservation of a glacial base-level that persists between glacial cycles and allows glacial 
landscapes to grow without fluvial influence. While it is possible (and in some cases, such as the 
southeastern end of the Finisterre Range, likely), that some tropical mountains have only reached 
the cpELA recently (for example, just prior to the LGM), such an interpretation is complicated by 
the apparent competition between fluvial and glacial erosion. As demonstrated in Chp. 2, the most 
marginally glaciated mountain ranges are subject to encroachment by fluvial erosion. The effect 
of scarp encroachment is to remove the glacial base-level, and to lower glacially-affected terrain 
below the cpELA. I propose that glacial limitation in the tropics occurs along a continuum of 
behavior, which varies from glacio-fluvial limitation to mature glacial limitation. This 
interpretation is supported by the observation that virtually all tropical mountains show signs of 
transience below and up to the cpELA.   
The strongest indications of glacio-fluvial limitation are found in the the Crocker Range, the 
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Taiwan Central Range, the Talamanca Range, and the Finisterre Range. Glacial erosion is 
relegated to isolated peaks in each of these mountain ranges. Glacial landscapes with PH modal 
elevations at the cpELA are surrounded by steep landscapes, some of which also have strong modal 
elevation developed at the cpELA. One of the most striking examples comes from the northeast 
flank of Nanhudashan, where a steep fluvial escarpment has a modal elevation at the cpELA (Fig. 
4.9E-F). This landscape is bordered to the north by a glaciated catchment, which is floored by a 
retreat moraine (Hebenstreit et al., 2006; Siame et al., 2007; Hebenstreit et al., 2011). This example 
is particularly unambiguous: glacial ice must have flowed to the south in this catchment, and much 
of the glacial landscape, presumably centered on the cpELA of 3400 m, must have been removed 
by this escarpment. A “ghost” modal elevation, still at the cpELA, persists in this aggressor 
catchment.  
On the other end of the continuum are mountain ranges such as the Rwenzori Mountains and 
the Mérida Range. PH modal elevations at the cpELA dominate every major supercatchment in 
these mountain ranges. This pattern indicates that below the cpELA, fluvial erosion has steepened 
the landscape and has largely removed any transient landscapes, but that it has been unable to 
erode through the glacial base-level. >100 m thick, well-preserved moraines as low as 2100 m in 
the Rwenzori Mountains support this interpretation. If fluvial scarp encroachment is unable to 
attack glacial landscapes above the cpELA, and terrain is allowed to grow above it, glacial valleys 
expand through progressive glacial cycles. The duel between fluvial scarp encroachment and 
glacial erosion most likely determines the development of the modal elevation at the cpELA. If 
scarp encroachment is unable to remove terrain above the cpELA under continued rock uplift, ice 
flux will increase during successive glacial cycles, progressively giving glacial erosion the upper 
hand in the duel between fluvial scarp encroachment and glacial erosion.
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4.8.4 How is the absence of glacial limitation recorded in topography?  
PH analysis provides an assessment of the state of the landscape. In individual supercatchments 
throughout many of these mountain ranges, a hard, upper limit on ∆h is observed (Chp. 3) and 
coincides with widely-observed thresholds on relief (e.g. Montgomery and Brandon, 2002). These 
supercatchments furthermore lack obvious signs of disequilibrium. The PH of a fluvially limited 
mountain range, that is, a mountain range where fluvial incision balances rock uplift, would most 
likely take the form of Fig. 4.24D, which is one example of the class of well-behaved 
supercatchments described in Chp. 3. Such a fluvially limited mountain range could be subject to 
glacial erosion in the absence of glacial limitation: small valley glaciers could erode the landscape 
down to an elevation that is not much different than the fluvially-driven steady state height of the 
range (Fig. 4.24E).  
PH analysis points to supercatchments in the suite of tropical mountains analyzed that have 
such a pattern (Figs. 4.6C-D; 4.8C-E; 4.10C; 4.12F). In these individual supercatchments, the 
perturbation introduced by glacial erosion, as it is recorded in the present-day topography, cannot 
be distinguished from standard patterns of fluvially-driven relief. However, I propose that glacio-
fluvial limitation in these mountain ranges is likely for three reasons. First, disequilibrium 
landscapes are found near the cpELA in all of the most marginally glaciated (and non-glaciated) 
landscapes (Fig. 4.5A1-E1), a strong indication that steady state, fluvial limitation has not been 
achieved in any of them. Second, aggressive scarp encroachment in each of these mountain ranges 
appears to erase glacial landscapes on relatively rapid timescales (Chp. 2). And finally, the highest 
landscapes of the most marginally glaciated ranges still all lie at the cpELA. If none of these 
landscapes has achieved a steady state balance between rock uplift and fluvial incision below the 
cpELA, it would be rather remarkable if glacial erosion played only a negligible role in their 
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evolution. It is instead more likely that glacial erosion prevents disequilibrium landscapes from 
rising above the cpELA, and that the signs of this process are removed from the landscape.  
4.9 Conclusions 
The “glacial buzzsaw” hypothesis proposed that glacial limitation occurs through headward 
glacial erosion focused near the ELA that generates low-gradient terrain in situ, and that evidence 
of this process is recorded in low-gradient terrain near the ELA. Debate over the prevalence of 
glacial limitation has become stuck on whether this particular topographic signature has been 
misread: how can low-gradient terrain near the ELA be distinguished from uplifted, disequilibrium 
terrain? The question of glacial limitation need not be cast in these terms. Rather, I show that 
glacial limitation is still relevant in landscapes where disequilibrium topography reaches high 
elevations. This pattern is revealed in tropical mountain ranges worldwide, where it is clear that 
fluvial erosion is unable to remove disequilibrium landscapes before they reach the cpELA. As 
rock mass is advected through the cpELA, glacial landscapes grow and become progressively 
disconnected from fluvial erosion. When glacial landscapes are protected from fluvial erosion, the 
alpine relief that is appreciated by scientists and non-scientists alike develops.  
These results demonstrate that glacial limitation works in the tropics in part because fluvial 
erosion is unable to keep the landscape below the ELA. Glacial limitation has likely operated in 
a similar manner throughout the world. Furthermore, glacial limitation appears to be pervasive 
precisely in the mountain ranges most prone to fluvial limitation. The finding that a glacial base-
level imposes an upper boundary condition on the growth of fluvial landscapes casts doubt on 
the possibility that a steady balance between rock uplift and fluvial erosion exists even in quickly 
uplifting and eroding mountains.
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5.1 Summary of results 
 The question of what controls mountain height is one of the most fundamental of 
geomorphology. Here, I have provided an answer for a large subset of quickly uplifting and 
eroding tropical mountains: they are limited in height by glacial erosion. I have demonstrated this 
phenomenon by:  
(i) Examining patterns of glacial erosion in two mountain ranges where evidence of 
glaciation is restricted to a small area: the Talamanca Range of Costa Rica and the 
Central Range of Taiwan (Chp. 2). The results of this study show that the tell-tale sign 
of glacial erosion—a modal elevation at the ELA—has been recorded in the glaciated 
catchments of both mountain ranges. Glacial landscapes in both ranges are presently 
subject to attack by fluvial scarp encroachment, which appears to erase signs of glacial 
erosion, perhaps entirely within a single glacial-interglacial cycle. The coincidence of 
disequilibrium topography just below the ELA in both mountain ranges is strongly 
suggestive that fluvial erosion alone is not sufficient to limit the height of these 
mountains to lower elevations, and further, that the long-term influence of glaciation 
in their evolution has been obscured.  
(ii) Rigorously investigating hypsometry, the tool most widely used to assess the influence 
of glacial erosion (Chp. 3). The development and application of the Progressive 
Hypsometry (PH) algorithm shows that hypsometry is a sensitive recorder of the self-
similar nesting pattern of catchments in the landscape. The approach of representing 
the self-similar nesting pattern of catchments in the landscape also makes deviations 
from this nesting pattern clear—particularly the deviation induced by the switch from 
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fluvial erosion to glacial erosion at high elevations. Once sufficient rock mass passes 
above the ELA, glaciers erode headward, and focus areal growth at this elevation.  
(iii) Demonstrating that the topography of tropical mountains around the world record the 
introduction and maintenance of a glacial base-level at the cpELA (Chp. 4). PH 
analysis shows that as rock mass rises above the cpELA, glacial landscapes grow 
relative to the fluvial landscapes flanking them. Even in these rapidly rising and eroding 
tropical mountains, the ELA imposes a virtual ceiling on mountain height. 
 At face value, the core conclusion that glacial erosion has limited tropical mountain height 
could be classified as most relevant to the category of "climate-erosion interactions". In this final 
chapter, however, I argue that the conclusion has broader implications. Most importantly, it 
challenges the long-held assumption that mountains grow to an elevation at which fluvial incision 
achieves a steady state balance with rock uplift. Even where mountains can grow to high elevations 
free of glacial influence, fluvial erosion does not limit them to heights below the ELA. 
 In summary, I propose that the results presented here offer a new way for the broader 
community of geomorphologists to think about mountain height, and the processes that control it. 
On the one hand, glaciers have been restricted only to high elevations in the tropics, and yet even 
there the influence of a glacial ceiling on mountain height has been profound. A question that 
immediately jumps to mind is: how high would these mountain ranges be in the absence of glacial 
erosion? Are Pleistocene mountains ranges actually lower elevation, than, say, Pliocene mountain 
ranges? The most appropriate response is to point to another core conclusion of this thesis: in the 
suite of the ten tropical mountain ranges analyzed, all show signs of an imbalance between rock 
uplift and erosion below the cpELA. If the paradigm is that mountains steepen to an elevation at 
which fluvial incision balances rock uplift, then there are virtually no examples of high tropical 
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mountains that attain such a balance below the ELA. In the absence of glacial erosion, I suspect 
these mountains would be higher. A more precise answer requires a better understanding of what 
a steady state—that is, a fluvially limited—mountain range actually looks like. 
 I next examine the core conclusions of the thesis individually, in order of what I consider to be 
the most important findings. 
5.2 Steady state mountains are an unlikely phenomenon 
 The assumption that mountain ranges asymptote toward a steady state balance between rock 
uplift and fluvial incision appears to be a fiction for mountain ranges in the Pleistocene. There has 
been a growing realization that traditional notions of steady state are oversimplified, and that, for 
example, autogenic dynamics (e.g., drainage rearrangement) may drive prolonged unsteadiness 
(Willett et al., 2014), even under a constant rate of base level fall (Yang et al., 2015). The existence 
of a perched glacial base-level is a more serious challenge to steady state: it imposes an upper 
boundary condition on mountain growth regardless of the rate of rock uplift or fluvial incision. 
The mountains examined cannot steepen by growing to an elevation at which river channel 
incision balances rock uplift. The high elevation switch from fluvial to glacial erosion prevents 
them from growing much above the cpELA. If a steady state balance between rock uplift and 
erosion is achieved in these mountains, it must do on timescales relevant to fluvial and glacial 
erosion, which must exceed the 100 kyr pacing of Late Pleistocene glacial cycles. 
 Furthermore, if tropical mountains do achieve a steady state balance between rock uplift and 
erosion on time scales greater than glacial-interglacial cycles, this balance must ultimately be 
expressed in the size of glacial landscapes. Where the rock uplift rate far exceeds fluvial incision, 
glacial landscapes will grow at the cpELA as rock mass is passed through it. In these 
circumstances, fluvial networks steepen below the cpELA, as glacial erosion balances the rock 
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uplift rate above this elevation. This behavior is plausible in places like the Rwenzori Mountains, 
the Mérida Range, and Santa Marta Massif (Chp. 4), where large glacial landscapes are flanked by 
extremely steep fluvial networks. In contrast, where the rate of fluvial incision is closer to the rate 
of rock uplift, glacial landscapes above the cpELA can be removed efficiently in between glacial 
cycles (Chp. 2). In such places, the long-term evolution of the mountain range would involve the 
periodic introduction and removal of glacial landscapes. This competition would likely manifest 
as a range height that closely adheres to the cpELA. The best candidate for this behavior is the 
Central Range of Taiwan. It has long been observed that the crest of the Central Range maintains 
a relatively consistent peak elevation of 3500-4000 m along ~150 km of its length (Suppe, 1981; 
Stolar et al., 2007). This pattern may very well arise from a long-term tandem of glacial and fluvial 
erosion (i.e., glacio-fluvial erosion in the context of Chp. 2; Cunningham et al., 2019). 
5.3 Glacial erosion has limited the height of the warmest mountain ranges 
  The result that tropical mountains are glacially limited should breathe new life into the glacial 
limitation—or "glacial buzzsaw"—debate. As I describe in Chp. 1, a prevalent attitude in the 
literature is that the preponderance of mountain ranges that sit close to the ELA is largely due to 
the coincidence of large, uplifted terrains near this elevation (van der Beek, 2009; Hall and 
Kleman, 2014). I have argued here that such a coincidence has little to do with the potential for 
glacial limitation, and is something of a red herring. The conclusion is based on the realization that 
the presence of high-elevation, low gradient landscapes violates the conditions of fluvial 
limitation, and leaves open only two options: mountains with disequilibrium terrain near the ELA 
are either in a transient phase of growth or they are glacially-limited. In other words, glacial 
limitation does not require fluvial limitation. In fact, glacial limitation in the tropics may work 
precisely because fluvial limitation does not regularly occur there. The evidence that the ten 
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tropical mountain ranges analyzed in Chapter 4 either show signs of transience up to the cpELA 
or the extensive growth of glacial landscapes at the cpELA is indicative of precisely this 
phenomenon. 
 The glacial buzzsaw hypothesis offered a new way to think about mountain height (Brozović 
et al., 1997), but the evidence put forth in support of its existence ironically obscured the global 
prevalence of glacial limitation. The original argument implied that evidence of glacial limitation 
was rooted in the relative size glacial landscapes. I conclude here that the debate should be focused 
in the opposite direction: has glacial erosion limited the height of some tropical mountains to the 
ELA even though they bear signs of only limited glacial erosion? Since the competition between 
fluvial scarp encroachment and glacial erosion is particularly intense in the tropics (Chp. 2), it is 
possible that fluvial scarp encroachment has the upper hand in some tropical landscapes. In such 
mountain ranges, signs of height-limiting glacial erosion associated with pre-LGM glaciations may 
have been erased (e.g., Leuser Range in Aceh, Indonesia). In contrast, the strongest signs of glacial 
limitation are found in those places where glacial landscapes survive in between glacial cycles, 
and presumably grow in size under continued rock uplift. I conclude that the evidence for glacial 
limitation of these mountain ranges, including the Rwenzori Mountains, the Santa Marta Massif, 
the Mérida Range, and the Merauke Range, is quite clear. 
 Finally, the results of PH analysis require a reframing of how glacial erosion shapes the 
landscape. Early work on the glacial buzzsaw presented a match between the modal elevation of 
glacial landscapes and the ELA, and implied that this pattern indicated flattening of otherwise 
steep landscapes at the ELA (Brozović et al., 1997); this line of thinking has been reiterated in 
most recent literature (Egholm et al., 2009). The imprint of glacial erosion on the landscape is 
rather different than simple flattening of valley floors, and hypsometry contains far more 
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information about landscape organization than the distribution of flat terrain. The shape of the 
hypsometric curve is instead defined by the dominant relief scales of the landscape. The modal 
elevation of a landscape tends to be its longest contour. In catchments, it generally traces out a 
path that connects an upstream position on the valley floor to a downstream position on the 
drainage divide, and is thus a measure of the dominant relief of the landscape. It is this relief 
threshold that sets the branching structure of fluvial landscapes. In contrast, glacial valley networks 
tend to grow near the ELA: once sufficient rock mass passes above the ELA, glacial incision begins 
in earnest and propagates headward into the landscape. The tell-tale signature of glacial erosion is 
not flattening of the landscape at the ELA, but the growth of entire valley networks at this elevation 
(Chp. 4).   
5.4 Catchment reorganization is commonplace 
 The test of the glacial limitation hypothesis required a close examination of hypsometry, a tool 
that has been used on a coarse scale since the mid-20th century (Strahler, 1952). Previous workers 
have struggled to extract precise quantitative results from hypsometric analysis and have instead 
used it to make very generalized statements about the landscape (Montgomery et al., 2001; Sternai 
et al, 2011). The Progressive Hypsometry (PH) approach (Chp. 3) offers a rigorous examination 
of hypsometry, and shows that the metric is a sensitive measure of relief scales that characterize 
two important geomorphic elements of any landscape: valleys and catchments. I use the PH 
algorithm to draw out the signal of self-similar catchment nesting. I also present results that show 
that such self-similar catchment nesting is routinely broken in isolated catchments, even in 
landscapes subject to a strong connection between base level fall and fluvial incision.  
 Inspection of satellite imagery shows that catchments that deviate from the dominant self-
similar nesting pattern are subject to drainage rearrangement. Prior work in tectonic 
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geomorphology has assumed that river networks maintain a static branching structure on long 
(Myr) timescales. There has been increasing interest in whether drainage rearrangement is a 
common phenomenon, and if so, how it is recorded in the landscape (Willett et al., 2014; Yang et 
al., 2015; Whipple et al., 2017). State-of-the-art methods of analysis have inferred catchment 
rearrangement from differences in equilibrium river channel heads across drainage divides. The 
results of PH analysis reveal the signature of catchment rearrangement, including divide migration 
and drainage capture, in the morphology of the landscape itself. These results cast a new light on 
the question of drainage rearrangement and point to signs of its prevalence.  
5.5 Glacial-phase, highland tropical cooling has been widespread 
 PH analysis identified catchments throughout nine mountain ranges with a modal elevation 
near the tropical cpELA (Chp. 4). This analysis called my attention to glacial landscapes that, to 
my knowledge, have not been described in the literature. Granted, reports of glacial landforms 
have been published for each of the mountain ranges analyzed in Chp. 4, but in varying detail. For 
example, no direct field mapping of glacial landforms in the Merauke Range has been carried out 
at all, although Prentice et al. (2005) did map some parts of the Merauke Range in detail using 
aerial photographs, and Fink et al. (2003) reported the collection of samples for 10Be analysis (the 
results of which have not been published). Cabot et al. (1939) led a daring expedition to the summit 
of the Santa Marta Massif, and brought back striking field photographs of glacial landscapes. The 
results of later mapping expeditions, however, have been mostly restricted to the grey literature 
(Bartels, 1983). Yet, these two mountain ranges bear some of the most pristinely preserved 
remnants of glaciation in the tropics. The results of the analysis presented in this thesis point to 
extensive glaciation of tropical mountains—and thus glacier-climate records—that have gone 
underappreciated. 
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   I do not raise these points in criticism. This thesis was conducted in its entirety with access 
to freely-available, georeferenced, sub-meter resolution satellite imagery (through Google Earth) 
for almost all of the mountain ranges studied, as well 1-arcsecond SRTM digital topography (see 
Chp. 1). Many of these data became available in the early years of my work on this project. 
Furthermore, the difficulty of accessing the highlands of tropical mountains has long prohibited 
their full exploration, a problem that is diminishing with time. The results presented in this thesis 
should motivate renewed interest in glacial geomorphology of the tropics, particularly in regard to 
the timing and extent of glaciation.  
 Finally, a pilot data set of 10Be surface exposure ages, presented in Chp. 2, are similar to the 
limited chronologies available for tropical glaciers, which show that the termination of the LGM 
largely took place between 18.5-17 ka (Barrows et al., 2011; Wesnousky et al., 2012; Carcaillet et 
al., 2013; Kelly et al., 2014; Bromley et al., 2016; Cunningham et al., 2019). The timing and pattern 
of glacier recession in the tropics during the last termination deserves more attention. A 
compilation of precise glacier chronologies from around the tropics could adjust our understanding 
of the mechanisms that drive the terminations of glacial periods. 
5.6 List of planned publications 
 
 This dissertation has been organized to present the phenomenon of glacial limitation in the 
tropics, and is not a collection of manuscripts. At the present, only one paper on the topic of glacial 
limitation had been published (Cunningham et al., 2019), which summarized the hypothesis that 
glacial limitation could be at work in the tropics. This paper drew on results presented in each of 
the three core chapters. It included an introduction to Progressive Hypsometry (Chp. 3) and the 
summary figure of Progressive Hypsometry for tropical mountain ranges in Chp. 4 (Fig. 4.5). As 
presented, Chapters 3-4 are particularly dense because new methods of analysis, new data, and 
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new interpretations are all presented with the express purpose of understanding the topographic 
signature of glacial limitation and its prevalence in the tropics. These chapters contain several lines 
of insight (in some cases rather unrelated to the topic of glacial limitation) that should be turned 
into publications. Below I outline a potential roadmap for these manuscripts.  
5.6.1 Organization of landscape relief, Geophysical Research Letters 
 
In Chp. 3 I introduce the PH algorithm, and present it primarily as a means to understand 
hypsometry. The chapter details several surprising applications of this traditionally broad-brush 
tool, including its sensitivity to two dominant relief scales in the landscape and its potential to 
identify disequilibrium topography. The results of this chapter are too numerous—and the method 
itself too novel—to force into a single manuscript. Rather, a manuscript is necessary to describe 
the PH algorithm and its most basic revelations about the organization of relief in the landscape. 
The result that two relief scales—which I interpret to be the valley relief and catchment relief—
emerge from PH analysis is itself a finding worthy of publication and discussion. The 
contemporary practice of measuring relief is relatively crude: such analyses usually assert a 
relevant spatial scale (e.g., 5 km2 window in Montgomery and Brandon, 2002) and pass it over the 
landscape. A major flaw of this approach is that the selected spatial scale is arbitrary. Since there 
is no obvious spatial scale to choose, it is also not clear what element of landscape relief is actually 
measured. PH analysis circumvents both of these important problems. By tracking variability in 
hypsometry across nested catchments, the approach efficiently measures relief across virtually all 
spatial scales, and reduces its complexity to a small number of characteristic values. Furthermore, 
the PH approach conveniently confirms the broad result of decades of prior research on landscape 
relief. It has long been known that relief on the “local scale” is subject to a threshold of 1000-1500 
m (Montgomery and Brandon, 2002). In the mountain ranges I have analyzed, this relief threshold 
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tends to coincides with the large-scale ∆h (Chp. 3), which I interpret to be the catchment relief. An 
implication is that the long-observed threshold relief found in landscapes around the world is 
enforced by the processes that control catchment formation.  
In addition, very recent work provides support for the concept that landscape relief is divided 
between valley and catchment relief. Using high-resolution DEMs, Dibiase et al. (2018) rigorously 
described how relief is “partitioned” between hillslopes, colluvial channels, and fluvial channels 
(Dibiase et al., 2018). This work dovetails nicely with PH analysis, which identifies the typical 
separation between hillslope and colluvial channel (i.e., debris-flow) relief and the relief of fluvial 
catchments. PH analysis further demonstrates that these relief scales are held constant throughout 
the landscape.   
Finally, I argue in Chp. 3 that disequilibrium processes can promote a local disconnection 
between high elevation elements of the channel network and external base-level fall. Such a 
disruption to the connection with external base-level can result in competition between 
neighboring catchments and subsequent drainage rearrangement, which itself likely renders 
segments of the channel network unable to ever reestablish connection with base level. PH analysis 
identifies these disequilibrium segments of the landscape. It may very well be that the highest relief 
attained in most mountain ranges is related to the presence of such disconnected, disequilibrium 
landscapes, which rise at a rate that outpaces erosion. By mapping the locus of such disequilibrium 
terrain with PH analysis, it is possible to disambiguate equilibrium relief scales from 
disequilibrium relief scales in the landscape. The implications of these results are important 
enough to merit publication in Geophysical Research Letters, and an explanation of the algorithm 
and its standard results can be described in a manuscript of appropriate length for this journal. 
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5.6.2 The topographic signature of drainage rearrangement, JGR Earth Surface 
 The topic of drainage divide migration, and specifically the question of its temporal persistence 
and spatial prevalence, must be sorted out by the geomorphology community. The “stream-power 
law” of erosion has underpinned most advances in geomorphologic theory for decades, and it 
continues to guide most methods of quantitative geomorphic analysis and numerical landscape 
evolution modelling efforts. The “stream-power” model framework assumes that drainage 
networks remain geometrically static through time (Whipple et al., 2017). Recent work using a 
metric derived from the stream-power law—termed	𝜒—shows apparent drainage rearrangement 
on a widespread basis, even in the Central Range of Taiwan (Willett et al., 2014). In response to 
this work, one group of researchers published a paper demonstrating that standard landscape 
evolution models do not generally allow for long-lived drainage rearrangement (Whipple et al., 
2017). However, this team of researchers concluded that the apparent discrepancy between real-
world observations and model behavior originated in the observations: it was the inference of 
divide migration from the metric 𝜒, and not the underlying assumptions of the stream-power law 
of erosion, that explain the discrepancy. The debate over whether drainage rearrangement happens 
on any consistent basis has not moved beyond this disagreement.  
PH analysis presents a new way to visualize drainage rearrangement. Prior work has examined 
the possibility of drainage rearrangement exclusively through the lens of the assumed scaling 
relationship between drainage area and channel slope (Willett et al., 2014; Whipple et al., 2017). 
In contrast, PH analysis indicates changes in the morphology of catchment geometry (the argument 
is presented in detail in Chp. 3). To my knowledge, no other methods of geomorphic analysis can 
show the pattern of long-term distortion to catchment geometry. A second paper to come out of 
Chp. 3 will detail the commonly-observed phenomenon of “anomalous” catchments identified by 
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PH analysis. The style of analyses that should be included in this manuscript is presented in Fig. 
3.18-3.19. I plan to submit the paper to JGR Earth Surface, since a lengthy article detailing the 
evidence for drainage rearrangement in both PH analysis and other data from several locations is 
appropriate. This paper will also explore the challenge that the results of PH analysis present to 
the stream-power law of erosion. Major excursions from the self-similar nesting pattern of 
catchments add considerable complexity to the relationship between channel slope and drainage 
area. This complexity has apparently gone unnoticed. JGR Earth Surface is an appropriate venue 
to discuss this technical issue. 
5.6.3 Glaciation in the tropics, JGR Earth Surface 
The published manuscript, Glacial limitation of tropical mountain height, only presents the 
summary figure of Chp. 4, Fig. 4.5. The interpretations presented in Chp. 4 are far more 
sophisticated than what is presented in the published manuscript. The published manuscript 
described almost all of the results presented in Chp. 2 and introduced the PH algorithm, which left 
little room for detailed examination of the pattern of glacial erosion recorded in each of the ten 
selected mountain ranges. Moreover, the published manuscript glosses over important details 
developed in Chp. 4 that will be addressed in a separate manuscript. First, the published manuscript 
insists on drawing a direct analogy between the glacial base-level and fluvial base-level, and 
asserts that those PH modal elevations at the ELA that exhibit anomalously high ∆h result from 
the “growth” of a glacial base-level. In doing so, the manuscript unfortunately implies that the 
primary effect of glacial erosion is to introduce low-gradient topography near the ELA. I have 
gone to great lengths in Chp. 4 to clarify that the link between glacial erosion, the ELA, and 
topography has little to do with flattening of the landscape. This issue, as well as a description of 
the pattern of glacial erosion in the mountain ranges described, deserves a separate publication. 
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The second publication on glacial limitation of tropical mountains will require length, so JGR 
Earth Surface is again a reasonable venue. The manuscript should include the separated PH scatter 
plots in the format presented in Figs. 4.6-4.23. An argument that I have introduced in Chp. 4 is 
that glacial erosion has taken advantage of disequilibrium terrain as it rises through the ELA in all 
of the tropical mountain ranges analyzed, a process which is demonstrated clearly when individual 
supercatchments are analyzed separately (e.g., the glaciation of perched landscapes in the Owen 
Stanley Range, Chp. 4). The idea is important because it eliminates the need for a “glacial 
buzzsaw,” the concept of which has masked the nature of glacial limitation for the last several 
decades. This updated interpretation should be published, as it may ultimately resolve a long-
standing debate about the possibility of glacial limitation and change the way the community 
thinks about landscape evolution in general. Furthermore, PH analysis of the ten tropical mountain 
ranges captures the evolution of landscapes as they rise through the ELA. The most striking 
examples of glacial limitation are found in heavily glaciated mountain ranges (Chp. 4, sec. 4.7.4). 
In these places, river networks below the glacial limit tend to be extremely steep, and adhere 
closely to a threshold relief, and glacial landscapes are apparently preserved in between glacial 
cycles. In Chp. 4, I interpret this topographic pattern as a sign that the rate of fluvial erosion is 
insufficient to match the rock uplift rate below the ELA, and that rock mass is continually passed 
through the ELA on long time scales, allowing glacial valley networks to grow. In this manuscript, 
I plan to make the case that these mountain ranges should be considered the canonical examples 
of glacial limitation: glacial erosion forces the landscape to grow in planform as it rises through 
the ELA.
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